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The development of civil engineering in the course of
centuries meant a constant struggle with available materials,
spans, or height, active loads, and the forces of nature: water,
fire, wind, and earthquakes.

While construction activities improve the quality of
human lives, they also have significant impact on the en-
vironment. The production of construction materials re-
quires energy and generates greenhouse gases. Low-cost or
affordable construction technologies and building materials
are often pushed as a magic potion in meeting the ever-
growing demand for rapid housing delivery in developing
economies. New advanced materials offer opportunities to
change the way in which we construct and retrofit buildings.
They give added value in terms of increased performance
and functionality. The reduction of carbon footprint for
construction materials can start at the production phase,
where energy-eflicient processes can be developed and waste
or recycled materials can be employed. New materials can
also help address the new challenges of durability in
a changing climate.

This special issue is the result of the huge success pre-
sented by previous special issues of the same topic, and as the
previous special issues had a great acceptation by the sci-
entific community with 61 papers submitted and 26 papers
accepted for publication.

A considerable number of experimental and numerical
papers address new research advances and applications in
the concrete material. J. Yue presents a numerical model to

analyse the multilevel nonlinear mechanism of the rein-
forced concrete framed structures in five structural levels.
Based on the presented deformation equivalent principle,
a generalized stiffness damage model was developed for each
structural level. An impact factor was proposed to reflect the
damage correlations between different structural levels. In
order to verify this method, the proposed method was used
to study the damage evolutions at various structural levels of
a 12-storey frame structure. Zhao et al. present an extension
of Balshin’s model to develop a prediction model of com-
pressive strength for three types of high-porosity cast-in-situ
foamed concrete (cement mix, cement-fly ash mix, and
cement-sand mix) with dry densities of less than 700 kg/m”.
Zhao et al. present the development of steel fiber-reinforced
expanded-shale lightweight concrete (SFRELC) with high
freeze-thaw resistance. Based on the test results, suggestions
are given out for the optimal mix proportion of SFRELC to
satisty the durability requirement of freeze-thaw resistance.
M. J. Kim and K. Y. Ann evaluate the corrosion risk of
internal chloride and external chloride from three different
exposure conditions. They concluded that an increase of the
drying ratio in the exposure condition resulted in an increase
of the corrosion rate after initiation. Also, the authors
predicted the chloride penetration with different exposure
conditions to determine the service life of the reinforced
concrete structure. Lee et al. investigate experimentally the
dowel behaviour of rebars in small concrete blocks for the
sliding slab track on railway bridges. This work can be useful
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for developing a more rational model to represent the actual
dowel behaviour of the rebars embedded in small concrete
blocks. Gu et al. investigate the macroperformance and
microstructure of ultrahigh-performance concrete (UHPC)
before and after the freezing-thawing action. They show that
UHPC possessed very excellent freezing-thawing resistance
due to its dense microstructure. After the freezing-thawing
action, cracks occurred, and the authors considered that the
mismatch of the thermal expansion coeflicients of the ag-
gregate and the paste is the reason for the cracking at the
sand-paste interface. Yan et al. investigate the mechanical
properties, the mesodamage properties, and the micro-
properties of cement-emulsified asphalt in plastic concrete
by computed tomography, scanning electron microscopy,
X-ray diffraction, and thermogravimetric analysis. X. Yang
and H. Wang analyse, experimentally, the seismic behaviour
of rammed earth walls with precast concrete tie columns.
Luo et al. present the development of a new structural
material named “steel fiber polymer structural concrete
(SFPSC)” with features of both high strength and high
toughness and its application to bridge superstructures, in
hot-wet environments.

The chemical attack of concrete structures and other
building materials is analysed in detail by some authors. S. I.
Hong and K. Y. Ann present a study to assess the service life
of concrete structures exposed to the tidal zone with the
proposed numerical model for predicting the moisture and
chloride transport in concrete. Wang et al. study numerically
and experimentally the behaviour of the calcium silicate
board metallic-framework drywall assembly with a junction
box. This is innovative research that put forward, in first
time, the quantitative research on influence of the embedded
junction box on fire resistance of metal frame walls and
analyzes the weakness.

Besides those, there are several interesting topics in the
issue of cement materials. Rubia et al. present the preparation
of cement pastes with simultaneous functional additions
(micro- and nanosilica and nanozinc oxide) by a novel low
shear rate dispersion method, in order to avoid health risks.
They concluded that the common manual mixing method
and the novel method presented a similar hydration be-
haviour of the different cement pastes prepared, but the novel
method avoided the exposure to the nanoparticles, therefore
minimizing health risks. H. Yang and Y. Che analyse the
effects of nano-CaCOs/limestone composite particles on the
hydration products and pore structure of cementitious ma-
terials. Kim et al. investigate the rheological properties of
blended cement pastes using a rotational viscometer and
a dynamic shear rheometer. The results showed that the
rotational viscometer can be used to study the flow charac-
teristics of cement pastes with or without mineral admixtures.
Tongyuan et al. present a series of experiments on restriction-
induced cracking behaviours as well as free shrinkage, water
loss, and mechanical properties of dry-mixed plastering
mortar (DMPM), in order to evaluate the cracking resistance
of DMPM and analyse the influence of environmental con-
ditions on the cracking tendency of DMPM.

Another important issue is the ecology of building
materials. Gomez-Balbuena et al. present the technological
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application of the solid waste resulted from the activities of
carved Quarry extraction in a new polymeric material with
properties similar to those of a traditional mortar. They
concluded that the polymeric material uses low amounts of
cement with respect to the traditional mortar, and it is
elaborated with the recycled quarry as they are presented in
its granulometry. Al-Khateeb et al. evaluate the use of a waste
stone sawdust filler with asphalt binders and compare the
mechanical properties of the waste filler-asphalt mastic with
those of the asphalt mastic produced using the typical
limestone filler. Estévez-Cimadevila et al. study the bending
behaviour of T-section beams composed of a glulam web
and an upper cross-laminated timber flange. The variation in
the stiffness depended on the relation between the com-
pressive and tensile moduli of elasticity parallel to the grain,
and its influence on the deflection was analysed using a finite
element method. Li et al. study the deterioration mechanism
of recycled plaster (R-P). The large specific surface area
(SSA), improper preparation temperature, increased water
requirement of R-P, and microstructure of its hardened
body were analysed. Zhou et al. propose a new connector for
the bamboo (timber) frame joint based on a comprehensive
analysis of the mechanical performance of several wood
connections. The authors, also, proposed a simplified
moment-rotation hysteresis model for the joint.

Studies on soils are presented by J. Zhai and X. Cai, who
analyse the physical and mechanical characteristics of
expansive soils from Pingdingshan (China), which provide
a reliable basis for engineering design and can be used in
the calculation of slope stability. The finite element method
was used to calculate the different positions of the soil slope
layers and select the corresponding strength parameters. Lu
et al. analyse the influence of cumulative plastic strain, dry-
wet cycles, and amplitudes on the soil resistivity. A new
damage factor based on resistivity is proposed to evaluate
the long-term performance of the compacted clay material.
The results show that the dry-wet cycles and amplitudes
have a significant effect on the damage of the compacted
soil, which indicates that the dry-wet cycling of compacted
soil materials should not be ignored in road engineering,
especially in rainy and humid areas. Hua et al. present the
use of four derived acceleration indexes to characterize the
soil compaction degree, including the acceleration peak
value, acceleration root mean square value (arms), crest factor
value, and compaction meter value. A two-part field com-
paction test was performed to analyse and judge the test effects
of the four indexes on the rockfill and other dam materials.
Gao et al. propose a comprehensive chemical grouting con-
struction technology, which comprises initiative closing,
concentrated bypass flow, water plugging priority, and twice
sand curing for the inclined shaft passing over the drift-sand
layer. This engineering application effect is very prominent in
controlling water burst and leakage at the drift-sand layer, in
mine constructions.

Finally, Wang et al. present a finite element analysis and
lightweight optimization design of the main frame structure
of a large electrostatic precipitator, and Cira et al. analyse the
effects of material properties of marble on surface roughness
and glossiness (surface quality).
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We hope that readers of this special issue will find not
only accurate data and updated reviews on the building
technologies and construction materials field area but also
important questions to be resolved. This special issue in-
cludes both theoretical and experimental developments,
providing a self-contained major reference that is appealing
to both the scientists and the engineers. At the same time,
these topics will encounter a variety of scientific and en-
gineering disciplines, such as chemical, civil, agricultural,
and mechanical engineering.

J. M. P. Q. Delgado
Robert Cerny

A. G. Barbosa de Lima
A. S. Guimardes
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Drift-sand layer is a common weak stratum in mine construction. The construction of the shaft passing over the drift-sand layer is
very difficult. Traditional construction method faces many problems such as long construction period, high construction cost,
poor working environment, and uncontrollability of the support effect. In view of the loose and fragile rock mass with great
deformation of sinking and driving engineering penetrating drift-sand layers in coal mine, the reaction mechanism and
shortcomings of conventional chemical grouting materials were analyzed. New-type polymer grouting materials were prepared
with catalysts and vinyl epoxy resin, which was made from epoxy resin. A comprehensive chemical grouting construction
technology was proposed, which comprises initiative closing, concentrated bypass flow, water plugging priority, and secondary
sand curing for the inclined shaft passing over the drift-sand layer. Results show that new-type polymer sand-cured materials have
lower viscosity, better grout ability, and fire resistance, and the solidified material has stronger bonding strength and better
deformation resistance compared with traditional chemical grouting materials. The engineering application effect is very
prominent in controlling water burst and leakage at the drift-sand layer; thus the on-site comprehensive construction progress

and safety are guaranteed.

1. Introduction

With the increasing depth of underground coal mine and the
deterioration of engineering geologic environment, weak or
harmful strata (i.e., water burst, drift sand, and sludge) are
frequently encountered and easily result in roof collapse, caving
and deformation of permanent supports, thus presenting great
difficulty for mine construction [1, 2]. Joints, mining-induced
fractures, and poor geologic structure in surrounding rock
mass provide good groundwater courses for groundwater,
which often results in the abrupt increase of mine and water
disasters and brings tremendous challenges for construction
progress and safety [3]. Grouting consolidation technology has
become the main method of controlling water burst disaster in
the underground coal-mining projects [4, 5].

Traditional particle-type grouting materials (e.g., cement-
water and glass-type grouting materials) easily become diluted
and dispersed under water-flowing conditions because of
their poor grout ability and cannot meet the engineering
requirements [6]. So, the chemical grouting materials with
lower viscosity, better liquidity and grout ability into
microfissures, and adjustable range of curing time have
been widely applied to the management of underground
coal mine water bursts. The chemical grouting materials
such as polyurethanes, urea resin, and epoxy resin are used
commonly in grouting reinforcement projects. The poly-
urethane grouting materials have been widely applied
because of their volume expansion and plastic deformation
when curing. However, these materials have obvious de-
fects, such as higher viscosity, weaker fire resistance, and
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strength reduction, caused by foaming and reacting with
water. Especially during the reaction with water, they release
hazardous gas and bring serious harm to human health [7-11].
Urea resin is a water-dilatable resin produced by the reaction
of urea with formaldehyde. It has the advantages of lower cost
and viscosity, but its adhesive property and induration
strength are weak. Moreover, urea resin decomposes with
water, and a large quantity of free formaldehyde separates
out, polluting the environment [12]. Conventional chem-
ical grouting reinforcement materials have defects such as
toxicity, high viscosity, weak grout ability, lower strength,
and poor anticorrosion and fire resistance, and these de-
fects restrict the large-scale engineering application. Because
of the high TDS (total dissolved solid) and corrosive com-
ponents in mine groundwater, the conventional chemical
grouting reinforcement cannot meet permanent supporting
requirements penetrating drift sands in the shaft, which will
affect construction progress and safety in production.
Aiming at the special geologic conditions of sinking and
driving engineering passing through the drift-sand layer, the
polymer two-component chemical grouting materials and
pregrouting construction technology, which have the func-
tions of both water plugging and consolidation were put
forward. Thus, the water burst passing over the drift-sand
layer under complicated conditions was effectively controlled,
and the shaft construction progress and safety were ensured.

2. Materials and Experimental Methods

A new type of the vinyl epoxy resin material is the compound
organic grouting material, which consists of components A
and B. Component A consists of epoxylite and an accelerant
according to a certain proportion, and component B consists
of epoxylite and a curing agent according to a certain pro-
portion. The control of reaction progress and curing time is
realized by adjusting the amount of component B. The basic
components of epoxylite include A-type E-51 epoxy resin,
unsaturated carboxylic acid, reaction-type fire retardant, cat-
alyst, polymerization inhibitor, and chemical cross-link agent.
These components were sufficiently stirred in a flask with
a mixer, thermometer, and rectifying tower. The pale yellow
epoxy resin grouting materials were obtained after gradual
warming, cooling, and filtering. The epoxy resin components
are listed in Table 1.

2.1. Viscosity. The grouting material was prepared by
mixing components A and B with a standard matching
ratio, and the viscosity under different temperature con-
ditions was measured by a viscometer (NDJ-9S digital
viscometer). The results show that the viscosity under
ambient temperature (25°C) is 80~100 MPa-s, and the value
slightly increases with the decrease of temperature. The
chemical grouting viscosity is 150~300 MPa-s under 5°C.
The viscosity can be regulated by changing the standard
matching ratio of components A and B.

2.2. Curing Time. A two-component grouting material was
selected. Components A and B were mixed based on
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TaBLE 1: Formula design of epoxy resins.

Raw material Mass percentage

Epoxy resin 30~45%
Unsaturated monocarboxylic acid 5~20%
Fire retardant 10~20%
Catalyst 0.15~0.35%
Polymerization inhibitor 0.01~0.09%
Chemical cross-link agent 30~45%

TaBLE 2: Main characteristics of the chemical grouting material.

Category Material characteristics
Density 1.3g/cm’
Viscosity (25°C) 80~100 MPa-s
Point of flammability >185°C

MT113-1995 standard

2 min~200 min

Flame-retardant property
Response time

Setting time 10 min~250 min

a certain proportion. The initial viscosity measured under
ambient temperature condition (25°C) was 100 MPa-s. The
curing speed can be accelerated with the addition of
a curing agent and an accelerant. The ratio of the curing
agent and accelerant can be adjusted within 0.25%~4%.
The polymerization reaction time of the mixture can be
adjusted between 2 min and 200 min, and the curing time
can be adjusted between 10 min and 250 min. The main
characteristics of the chemical grouting material are
shown in Table 2.

A two-component (resin component A and catalyst
component B) epoxy resin grout and a chemical additive
were prepared with a ratio of 1.5:1. A certain amount of
sand with moisture content being 1.85% and particle size
being 0.2~0.5 mm was selected and put into a plastic pot.
The prepared chemical grout was poured into the pot and
sufficiently mixed with the sand before standing for four
hours. And then, a cured mass of the resin grout was
formed. An autocore drilling machine and a cutting ma-
chine were used to process the resin grout mass to the
standard cylindrical specimen (i.e., the specimen diameter
is 50 mm and the length is 100 mm). The universal com-
pression testing was conducted by using the rock mechanic
system (MTS Corporation, USA), and the physical and
mechanical properties and the stress-strain curve of the
cured material were obtained according to the in-
ternational rock mechanic test standard. The stress-strain
curve is shown in Figure 1; the main rock mechanical
properties of the cured material are determined and listed
in Table 3.

The test results show that the resin grout and sand are
cemented into a compact structure after being cured. The
macroscopic structure is featured by a stronger bearing ca-
pacity, and the compressive strength reaches 10.3~13.1 MPa.
The product generated by the resin grout and sand has
a stronger plastic deformation capacity and an evident
Poisson’s ratio effect.
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FIGURE 1: Stress-strain curves of the solidification material.

TaBLE 3: Main properties of the cured material.

Category Mechanical characteristics
Density 1.6938 g/cm’
Compressive strength 10.38~13.09 MPa
Strength of extension 0.32~0.53 MPa
Elasticity modulus 401.37~490.64 MPa
Poisson’s ratio 0.447~0.846
Cohesion 0.866 MPa
Internal friction angle 49.38°

3. Engineering Application of Chemical
Pregrouting

3.1. Project Overview. Songxinzhuang mine is a newly con-
structed mine, with a production capacity of 1.2 million t/a
and a designed service life of 59 years. The geologic data and
geologic report indicate that the vice inclined shaft is 630 m
long and passes through the quaternary stratum and tertiary
stratum. The quaternary stratum mainly has wind-borne sand
and floury soil with a thickness of about 1.6~3.75m. Half-
agglutinating clay and argillaceous substance contain a large
quantity of silt and fine sand. The engineering geological
conditions are poor. Moreover, hydrogeological conditions in
this mining area are complicated. The shaft construction
process is frequently under water burst influence from the
confined aquifers of the Jurassic Zhiluo rock mass group and
Yan’an rock mass group.

The section of the vice inclined shaft passage is a vertical-
wall semicircular arch with a net width of 4400 mm, a net
height of 3800 mm, and a net section area of 14.6m> The
preliminary support pattern at the drift-sand segment adopts
reinforced concrete support, lay rubble mortar, and reinforced
concrete-hardened baseboard. The vertical-wall semicircular
arch was adopted reinforced support with the concrete
thickness being 400 mm and the strength grade of the concrete
being C30. Flagstone mortar metal net concrete pouring of the
roadway baseboard is conducted with a bedding thickness of
600mm and a flagstone strength not less than MU30. The
upper concrete thickness is 200 mm, and the total bedding is
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FIGURE 2: Preliminary supporting section.

800 mm. The strength grade of the bedding concrete is C20. A
reinforcing steel bar adopts a @ 20 mm deformed steel bar. Two
adjacent reinforcing steel bars are lapped by welding. The
preliminary support section is shown in Figure 2.

The drift-sand layer of the vice inclined shaft project first
appeared on September 15, 2010, at the location 58.3 m. The
sandstone layer is quite soft and loose and will easily drop
down when meeting water. This sand layer contains loess,
which forms liquid yellow mud. The delaminating and wall
caving phenomena are seen after layer tunneling, which is
accompanied by a water inflow of 25 m’/h. This results in
wall caving, roof caving, and the sinking and deformation of
permanent support. And the average excavation footage per
day is 0.82m because of the construction conditions of
sinking and driving engineering.

3.2. Multistep Grouting Construction Technology. Considering
the above specific engineering geological conditions, the
multistep pregrouting and rapid construction technology is
used for construction of the shaft according to the experi-
ence of water prevention and control in nearby mines.

The shaft construction reveals that the seepage channels
of surrounding rocks are mainly holes with weak perme-
ability. The alkaline water has a negative influence on the
reaction of the grout and the durability of curing materials.

The compound chemical grouting materials (i.e., sand
curing material MGS and water plugging material Midwest213)
with lower viscosity and controllable curing time are
selected. The sand curing material MGS also has other
advantages such as higher safety without aldehyde, acid and
alkali resistance, and fire resistance; thus, MGS is applicable
in an aquifer of sandstone, which is rich in soluble salts,
drift-sand layer curing, and water inflow plugging. The
relevant technical parameters of chemical grouting materials
were shown in Tables 4 and 5.

3.3. Multistep Pregrouting Design Scheme

3.3.1. Distributed Grouting and Plugging at Water Bursting
Positions of the Shaft. A concrete wall was first constructed
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TABLE 4: Main technical parameters of construction chemical grouting.

Width of the smallest

Two. .
Category ~ Two-component ratio crack (mm)

Setting time (min)

Resin viscosity (MPa-s)  Catalyst viscosity (MPa-s)

MGS 1:1~1:2 0.01

10~250 150

50~80

TABLE 5: Main technical parameters of water plugging chemical grouting.

Dilatation
coefficient

Two-component

. Solid content (%)
ratio

Category

Resin viscosity
(MPa-s)

Catalyst viscosity

Setting time (min) (MPa-s)

Midwest213 1.5:1 100 8~10

2~900 350 150~180

at the driving face in the shaft passing over the drift-sand
layer with a thickness of 600 mm. A relief hole was set in the
middle bottom of the wall with a hole diameter of
80~100 mm.

In order to leave the grout enough time for reaction and
curing before flowing to the relief hole, the grouting holes
were drilled using the common electric coal drill from the
bottom to the top. A specific method was used for water
plugging and drilling at the location where the sealing wall
was far away from the water exit along the roadway border,
and the chemical grouting material Midwest213 was used for
water plugging. And then, the water flow in the drift-sand
layer inside the sealing wall was relatively stable.

According to the situation, the grouting drilling depth
was preliminarily set as 850 mm. A six-decimeter galvanized
pipe was adopted to seal the end. Some 5 mm diameter holes
were drilled every other 150~200 mm along the galvanized
pipe. The length of the grouting pipe was 950 mm. About
100 mm from the pipe orifice was left outside the concrete
wall. Cotton yarn and grout or accelerated cement was used
to seal the seam between the grouting pipe and the concrete
wall. The layout of the water plugging well location is shown
in Figure 3.

Feed pipes of components A and B were plugged into
a bucket. When the normal construction was being con-
ducted, it was mixed according to the matching ratio of the
grout. During the process of grouting into grouting holes,
the best practice was to use low-pressure grouting because
the underground water pressure is 0.5 MPa. The grouting
pressure was then set within 1~2 MPa, which was same or
twice as water pressure, and should be gradually increased.
The pressure gauge of the pump and situation of the working
face must be given attention. Grouting should be stopped
when the value indicated on the pressure gauge of the pump
reaches above 2 MPa or grout spillover occurs.

3.3.2. Rapid Curing of Rock Mass Grouting at the Drift-Sand
Layer. The sealing wall was used as a grouting pad at the
jointing part between the vertical wall and the concrete shaft
at the middle lower part of the sealing wall. The drills were
constructed by the common hand drill, and the chemical
material MGS was grouted. The location of the one-way
valve was confirmed based on the on-site fracture devel-
opment. The exposure part should not be more than 50 mm.
Grouting can be started after confirming that preparation
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FiGure 3: Layout of the water plugging well location.

has been made. The layout of the construction well location
is shown in Figure 4.

3.3.3. Grout Sealing of Major Jointing Parts of Shaft Sec-
ondary Support Concrete. After the multistep chemical
grouting, curing, and water plugging of the shaft were
completed, “short excavation and short supporting” con-
struction technology was adopted for shaft excavation. Pipe
shed, plank, and meshes were used as the temporary support,
and the single reinforced concrete was used as the perma-
nent support.

The supporting template or footage of the monolayer-
reinforced concrete of the shaft is generally 0.9 m. Jointing
parts between the concrete templates are the weakest parts of
the shaft, which usually are the flow channel of groundwater.
The grouting technology with shallow holes and high
pressure is adopted to seal the jointing parts of the shaft
permanent support.

4. Result Evaluation and Discussion

The slant angle of the vice inclined shaft is 6°, and the drift-
sand layer thickness is 1.4 m. And the slant length is 13.9 m in
the project of the Songxinzhuang coal mine at first. The
comprehensive construction method of self-closing, highest-
priority water plugging, and secondary sand curing at the
drift-sand layer is confirmed. Two liquid compound chemical
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FIGURE 4: Layout of the construction well location.

grouting materials with lower viscosity and controllable
curing time are applied on the sand curing, water plugging,
and grouting for shaft passing through the drift-sand layer.

Twelve water plugging and grouting drill holes were set on
the sealing wall. The amount of the chemical grout Midwest213
used was 1900 kg. The grouting material quantity for each hole
was 158.3kg. The water inflow of roadway became 1.5m’/h
upon completion. Water flow at the drift-sand layer inside the
sealing wall of the shaft was relatively stable. The sealing
wall was used as a grouting pad. About 28 holes with a depth
of 350 mm were drilled for sand curing construction. The
amount of the chemical grouting material MGS used was
3000 kg. The grouting material quantity for each hole was
107.1kg. A rock sample was drilled after grouting con-
struction was finished to evaluate the grouting effect. No
water burst and sand drifting phenomenon and the solidified
bodied strength were stronger after the sealing wall was
broken. Sand curing and water plugging effects are prom-
inent. Thus, the water burst passing over the drift-sand layer
under complicated conditions is effectively controlled, and
the normal excavation speed of the shaft is guaranteed.

5. Conclusion

(1) The new vinyl epoxy resin materials are two-component
polymer chemical grouting materials with lower vis-
cosity, polymerization reaction, accurate and control-
lable curing time, and better grout ability. Lower
viscosity guarantees the sufficient permeation and dif-
fusion of the grout in rock mass. After curing and
expansion, the resin grout is cemented with sand par-
ticles into a compact structure. This compact structure is
featured by a stronger bearing capacity. Thus, the new
chemical grouting materials have a broad application
prospect in coal mining,

(2) According to the characteristics of the vice shaft sur-
rounding rock mass in the Songxinzhuang coal mine,
the new vinyl epoxy resin of sand consolidation and the
water plugging material are specially developed. The
comprehensive grouting scheme of initiative self-
closing, highest-priority water plugging, and second-
ary sand curing and rapid construction method are put

forward to achieve effective control of water burst at the
drift-sand layer under complicated conditions.
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This study intended to evaluate the use of waste stone sawdust filler with asphalt binders and compare the mechanical properties of
the waste filler-asphalt mastic with those of the asphalt mastic produced using the typical limestone filler. The mastics were
prepared at four filler-to-asphalt ratios by volume of asphalt binder: 0.05, 0.10, 0.20, and 0.30. A dynamic shear rheometer (DSR)
strain-controlled frequency sweep test was used to evaluate the properties of the control asphalt binder and the mastics. The test
used a constant strain of 10% and loading frequencies of 10, 5.6, 3.1, 1.78, 1.0, 0.56, 0.31, 0.178, and 0.1 Hz and was conducted at
wide range of temperatures: 10, 20, 30, 40, 50, 60, and 70°C. The test measured the complex shear modulus (G*) value and the
phase angle for the binder and the mastics. The findings of this study showed that the stone sawdust filler demonstrated higher
resistance to fatigue and rutting behavior than the limestone filler. However, the elastic behavior of the two asphalt mastics was
nearly similar and increased with the increase in volume ratio. It was also found that the best-fit model described the relationship
between the volume ratio and each of |G*|/sin § and |G*|cos §, and the mastic-to-binder modulus ratio was the exponential model
with high coefficient of determination (r2). The differences in the G* value between the limestone filler and the stone sawdust filler
were relatively insignificant particularly at low loading frequencies and high temperatures. Finally, the mastic-to-binder modulus

ratio decreased with the increase in loading frequency.

1. Background

Although asphalt mixture is approximately composed of
only 5% asphalt binder and the remaining is aggregate, the
mechanical properties and behavior of asphalt binder affect
significantly the properties of asphalt mixture and hence
play a big role in the performance of asphalt pavements.
The complexity of asphalt binder comes from the visco-
elastic nature of this material. Its properties and behavior are
time and temperature dependent. In addition, the mode of
loading impacts this behavior. High stiffness and elastic be-
haviors are desired properties for asphalt binders used in hot-
mix asphalt design and production. High stiffness is required
to resist rutting under heavy loads in pavements. On the other
hand, elastic behavior is also needed to recover and heal part of
the deformations in pavements under loading to minimize

fatigue cracking. Researchers in the asphalt technology field
have been always attempting to enhance and optimize
properties of asphalt used in the pavement construction.

Modification of asphalt binders is done by utilizing
several modifiers that are available on a wide spectrum in the
industry. Some of these modifiers are manufactured so that
they are used in the asphalt technology at a feasible cost.
However, other modifiers are waste or recycled materials
that can be used in asphalt to serve twofold purpose: (1)
enhancing the properties of asphalt and (2) helping to clean
environment.

Many research studies have used waste materials and
available filler materials to enhance the properties of asphalt
binders and mixtures. Waste materials such as rubber of
waste tires, oil shale ash, medical ash, and toner waste [1-4]
have been used to enhance the properties of asphalt binders
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used in the hot-mix asphalt technology. In addition, some
researchers took advantage of agricultural tree and plant
waste such as the empty fruit bunch of date and oil palm
trees [5] to produce cellulose fiber to be used as additives in
the asphalt binder.

Other research studies have been conducted to in-
vestigate the effect of mineral fillers on the mechanical
properties of asphalt binders. The complex characteristics of
fatigue behavior were evaluated in a study of asphalt binders
and mastics produced using limestone and hydrated lime
fillers [6]. The effect of filler-to-asphalt ratio on low- and
high-temperature properties of asphalt mastics using min-
eral fillers was studied [7]; it was found that the optimum
range of the filler-to-asphalt ratio is 0.9-1.4 to balance
the low- and high-temperature properties according to the
study. The effect of basalt and hydrated lime fillers on the
behavior of rutting, fracture, and thermal cracking resistance
of asphalt mastics was investigated [8]; the addition of
hydrated lime improved the low-temperature and rutting
performance as well as fracture resistance.

The Portland cement filler was used to modify the as-
phalt binder [9]. It was shown that the increase in the
cement-to-asphalt ratio improved the Superpave high per-
formance grade and the rutting resistance of asphalt binders
by increasing the stiffness and the G*/sin § parameter. In
a study that used waste materials in asphalt concrete mix-
tures [10], it was found that marble powder and fly ash could
be used as filler materials instead of stone powder in the
asphalt concrete, and rubber particles of the size between no.
4 and no. 200 showed the best results in terms of the indirect
tensile test.

Rutting and fatigue are considered two major distresses
that occur in asphalt pavements. The asphalt binder plays
a big role in the performance of asphalt mixture and hence in
controlling the two distresses. Different modifiers and fillers
were tried in the literature as seen in the above paragraphs to
enhance the mechanical properties of asphalt binders. In this
study, a waste material (the stone sawdust) is used to achieve
two objectives: to enhance and improve the mechanical
properties of asphalt binders that are related to rutting and
fatigue resistance, and at the same time to get rid off the
waste material and keep the environment clean.

There are no available statistical data about the amount
of stone sawdust waste in Jordan since this waste is not
among the waste types being managed by municipal au-
thorities or private sector. However, burnt stone slurry (a
solid waste powder) has been reported in [11] to be about
53000 tons per year collected from 1000 quarries and tiles
factories in Jordan. The cost of transporting and dumping
this big amount of waste is about 1 million dollars.

In this study, the waste stone sawdust collected from stone-
manufacturing sites for building purposes was used as a filler
material in the asphalt binder to investigate the mechanical
properties of the produced asphalt mastics. The waste stone
sawdust is retained from stone fabrication. Hence, this waste
material is the material generated from the same rock quarries
as for the limestone filler typically used in the production of
hot-mix asphalt in the area. For this purpose, a comparison
between the two fillers in this study was made.
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2. Objectives

The main objectives of this study are as follows:

(1) To investigate the effect of stone sawdust as a filler
material in the filler-asphalt mastic

(2) To assess the effect of stone sawdust on the me-
chanical properties of asphalt binders

(3) To check whether the stone sawdust fillers can be
a replacement for the limestone filler in asphalt
mastics by comparing the behavior of these two
fillers when mixed with asphalt.

3. Asphalt Materials and Fillers Used in
the Study

The 60/70-penetration grade asphalt binder was used in this
study. This asphalt binder is the most common asphalt
binder widely used in producing asphalt mixtures for
highway asphalt pavements in Jordan. The properties of the
asphalt binder were determined and are summarized in
Table 1.

Two filler materials were utilized in the study: limestone
and stone sawdust. These materials are considered waste
materials from construction sites in Jordan. The limestone
was obtained from a local quarry, and the stone sawdust was
obtained from the manufacturing process of building stones.
Both materials were sieved using wet sieving process. The
material portion passing sieve no. 200 (75 ym) was obtained
and dried in an oven for approximately 24 hours at an
intermediate temperature.

The specific gravity, plasticity index, and angularity were
measured for the two filler materials. The results of these
properties are shown in Table 2.

4. Methodology

4.1. Preparation of Filler-Asphalt Mastics. The preparation of
the filler-asphalt mastic (limestone-asphalt mastic and stone
sawdust-asphalt mastic) samples was done according to the
following procedure. The filler material was heated for one
hour in an oven at 150°C in order to simulate the conditions
during the mixing process. The asphalt binder was also
heated at the same temperature (150°C) for about 20 minutes
in small containers. Mixing was done manually for about
15 minutes by gradually adding the filler to the asphalt
binder and mixing using a glass rod to ensure homogeneity
and to prevent excessive balling. The filler-asphalt mastic
was produced at four volume ratios (VRs): 0.05, 0.10, 0.20,
and 0.30 by volume of the asphalt binder.

To prepare the dynamic shear rheometer (DSR) test
samples of the asphalt binder and the filler-asphalt mastic,
the asphalt material (binder or mastic) was heated in an oven
at a temperature of about 150°C until it became sufficiently
fluid to be poured. The standard silicone mold having
a diameter of 25mm was used to produce the asphalt
samples for DSR testing (Figure 1). The sample was allowed
to cool for a proper period of time until it became solid
enough to be removed from the mold.
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TaBLE 1: Original asphalt binder properties.

Asphalt binder 60/70

Test Result
Penetration (dmm) 65
Ductility (cm) 106
Specific gravity 1.00
Flash point (°C) 316
Softening point ("C) 54

TaBLE 2: Properties of fillers used in the study.

Filler material

Proper

perty Limestone Stone sawdust
Specific gravity 2.610 2.460
Plasticity index Nonplastic Nonplastic
Angularity 67% 61%

FIGURE 1: Samples for DSR testing.

4.2. Frequency Sweep Tests of Asphalt Binders and Mastics.
The DSR (Figure 2) was used to measure the mechanical
properties of the control asphalt binder and the filler-asphalt
mastics at a variety of temperatures. The asphalt sample
(binder or mastic) was placed into the device between two
plates, and the gap (the thickness of the sample) was set to
1 mm (Figure 3). The sample was tested by applying a sinu-
soidal dynamic strain using the oscillating upper plate. A
strain-controlled frequency sweep test was used. The constant
strain was 10%, and the loading frequency varied from 0.1 to
10 Hz and covered the values: 0.1, 0.178, 0.31, 0.56, 1.0, 1.78, 3.1,
5.6, and 10 Hz. The test temperatures covered a wide range of
temperatures (10, 20, 30, 40, 50, 60, and 70°C). The frequency
sweep testing matrix used in this study is shown in Table 3.

The complex shear modulus (|G*|) value and the phase
angle (&) were recorded during the frequency sweep test. The
shear modulus represents the stiffness of the asphalt material
that is responsible for the resistance to deformation (rutting)
under continuous shearing of the binder at the desired
temperature and loading frequency. On the other hand, the
phase angle represents the time lag between the elastic and
viscous response of the asphalt material that is behaving as
a viscoelastic material.

FIGUre 3: Sample sandwiched between the two plates.

TaBLE 3: Testing matrix.

Test variable Number Values
Volume ratio 5 0.00, 0.05, 0.10, 0.20, and 0.30
Asphalt binder 1 60/70-penetration grade
Filler type 2 Limestone and stone sawdust
Loading frequency 9 0.1, 0.178, 0.31, 0.56, 1.0, 1.78,
3.1, 5.6, and 10Hz
Temperature 7 10, 20, 30, 40, 50, 60, and 70°C
Replicates 2 Two replicates

Total number of tests 5X1x2X9x7x2=1260 tests

4.3. Fatigue, Rutting, and Elastic Parameters Used in the
Analysis. In the Superpave system [12], the fatigue and
rutting parameters used in the asphalt binder performance
criteria are |G*|sin § and |G*|/sin §, respectively. |G*| refers to
the complex shear modulus value of the asphalt binder, and
¢ is the phase angle value of the binder. The |G*|sin § pa-
rameter value is obtained for the asphalt binder at in-
termediate temperatures to verify the fatigue performance of
the binder; the maximum value specified by the Superpave is
5000 kPa based on specified protocols and procedures that
have to be done on the asphalt binder. On the other hand,
the |G*|/sind is obtained for the asphalt binder at high
temperatures to investigate the rutting behavior of the
binder; the minimum value specified by the Superpave is
1.00 kPa for original asphalt binder and 2.20 kPa for short-
term aged binder according to the protocols described in the
Superpave system.



Additionally, the |G*|cos § is also used in the analysis of
data in this study that refers to the elastic part of the asphalt
material. It is well known that the phase angle of the asphalt
binder (a viscoelastic material) indicates the lag between the
applied stress/strain and the resulting strain/stress; as the
asphalt binder becomes more elastic, the phase angle de-
creases, and as the asphalt binder behaves more viscous, the
phase angle increases. The horizontal component of the
complex shear modulus value of the asphalt binder is
|G*|cos & that represents the elastic part of the binder; it
improves as the phase angle decreases.

5. Analysis of Data and Results

This part presents the results and analysis of the frequency
sweep test data obtained for the control asphalt binder, the
limestone-asphalt mastic, and the stone sawdust-asphalt
mastic [13]. The analysis includes four different aspects:
the fatigue resistance, the rutting resistance, the elastic be-
havior, and frequency sweep test results and master curves of
the control asphalt binder and the filler-asphalt mastics in
addition to a comparison between limestone-asphalt mastics
and stone sawdust-asphalt mastics.

5.1. Fatigue and Rutting Behaviors of Asphalt Mastics. The
value of |G*|sin § was recommended by the Superpave as
a fatigue parameter of asphalt binders. As fatigue occurs at
intermediate temperatures, this parameter was determined for
the control asphalt binder and the two mastics at intermediate
temperatures. Figures 4 and 5 illustrate the fatigue behavior of
the binder and the two mastics at two low temperatures (20
and 30°C) and one loading frequency (1.78 Hz). These figures
clearly show that the two fillers increased the |G*[sin § value
and hence improved the fatigue resistance of asphalt binder
with the increase in volume ratio. In general, the stone sawdust
filler showed higher resistance to fatigue than the limestone.
The rutting parameter in the Superpave system is the value
of |G¥|/sin d. This value is measured at high temperatures
(typically more than 45°C) to characterize asphalt binders for
rutting behavior. In this study, seven temperatures were used:
three (50, 60, and 70°C) are considered high temperatures for
rutting and four (10, 20, 30, and 40°C) are considered in-
termediate temperatures for fatigue cracking. As the |G|
value gets higher, the asphalt material (asphalt binder or
mastic) becomes stiffer and hence more resistant to rutting.
On the other hand, as the § value gets smaller, the asphalt
material becomes more elastic and therefore more resistant to
rutting due to the recovery of part of the deformation.
Figures 6 and 7 show the rutting behavior of the control
asphalt binder and the two mastics at the two extreme
temperatures (50 and 70°C). These two figures represent only
two examples at one loading frequency (1.78 Hz). Both
figures clearly show that the fillers improved the rutting
parameter with the increase in volume ratio. The stone
sawdust-asphalt mastic showed higher resistance to rutting
than the limestone-asphalt mastic. The relationship between
|G*|/sin & and volume ratio was found to be exponential. The
exponential models with the coefficients of determination
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FIGURE 4: Fatigue behavior at 20°C.
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FIGURE 5: Fatigue behavior at 30°C.

(r?) for the two mastics at all high temperatures are sum-
marized in Tables 4 and 5.

5.2. Elastic Behavior of Asphalt Mastics. The value of |G*|cos &
represents the elastic portion of the complex shear modulus
of the asphalt material. This elastic part helps the asphalt
material to resist deformation under shear loading partic-
ularly at low and intermediate temperatures. Consequently,
this parameter plays a role in the healing process of de-
formations for rutting and fatigue cracking of asphalt.

Figures 8 and 9 demonstrate the elastic behavior
(IG¥|cos ) of the original binder and the two mastics at two
extreme temperatures (10 and 70°C), different volume
concentrations (0.0, 0.05, 0.10, 0.20, and 0.30), and one
single frequency (1.78 Hz).

The elastic behavior of the two asphalt mastics increased
with the increase in volume ratio as shown in these two
figures. The |G*|cos & values for the stone sawdust and
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FI1GURE 6: Rutting behavior of asphalt mastics at 50°C.
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F1GURE 7: Rutting behavior of asphalt mastics at 70°C.

TaBLE 4: Relationship between |G*|/sin § and VR for the limestone-
asphalt mastic.

Temperature ("C) Model r? value
50 |G*|/sin § = 7.792€>277VR 0.97
60 |G*|/sin & = 2.000e>423VR 0.94
70 |G*|/sin & = 0.577¢>385VR 0.93

limestone mastics were approximately similar at all fre-
quencies and temperatures. The best-fit model that described
the relationship between the volume ratio (VR) and the
|G*|cos § value is the exponential model. The coeflicient of
determination (r?) for the model was high in all cases as
shown in Tables 6 and 7.

With the increase in temperature, the |G*|cos & value
decreased for the two mastics and this is typical.

TaBLE 5: Relationship between |G*|/sind and VR for the stone
sawdust-asphalt mastic.

Temperature (“C) Model r? value
50 |G*|/sin & = 9.008¢>387VR 0.86
60 |G*|/sin § = 2.358¢>485VR 0.85
70 |G*|/sin § = 0.686e>>18VR 0.84
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FiGure 8: Elastic behavior of asphalt mastics at 10°C and 1.78 Hz
versus VR.
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FiGure 9: Elastic behavior of asphalt mastics at 70°C and 1.78 Hz
versus VR.

Nevertheless, the rate of reduction in this value at lower
temperatures was very sharp and significant compared to
high temperatures as shown in Figures 10 and 11. The stone
sawdust filler was compared with the limestone filler in
terms of the mastic |G*|cos J. Figure 12 demonstrates this
comparison for the smallest volume ratio (0.05) and the
highest volume ratio (0.30) at a loading frequency of 1.78 Hz.
The figure shows that the elastic behavior of both filler-
asphalt mastics is similar. This finding is important and



TaBLE 6: Relationship between |G*|cos § and VR for the limestone
mastic (1.78 Hz).

Temperature ("C) Model r? value
10 |G*|cos 8 = 1661.5¢>215VR 0.96
20 |G*|cos & = 376.1e>9°0VR 0.94
30 |G*|cos § = 66.56e*274VR 0.92
40 |G*|cos & = 11.92¢>567VR 0.95
50 |G*|cos & = 2.055¢>381VR 0.94
60 |G*|cos & = 0.3536¢>570VR 0.94
70 |G*|cos & = 0.0690e>348VR 0.93

TaBLE 7: Relationship between |G*[cos § and VR for the stone
sawdust mastic (1.78 Hz).

Temperature (°C) Model r? value
10 |G*|cos & = 1653.9¢>330VR 0.96
20 |G*|cos § = 414.3¢3°92VR 0.91
30 |G*|cos & = 74.51e>718VR 0.87
40 |G*|cos & = 13.46¢>392VR 0.85
50 |G*|cos & = 2.423¢>555VR 0.81
60 |G*|cos & = 0.4301¢>702VR 0.80
70 |G*|cos & = 0.0833¢>731VR 0.80
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FIGURE 10: |G*|cos & versus temperature for the limestone mastic
(1.78 Hz).

indicates that the waste stone sawdust can replace the
limestone filler in asphalt mix particularly that the source of
the two materials is the same, which is the stone used for
building and construction in the area. In other words, the
other physical properties of the two materials are also the
same.

6. Frequency Sweep Test Results and
Master Curves

As the frequency sweep test was conducted at nine loading
frequencies and seven temperatures, the master curves
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FIGURE 11: |G*|cos § versus temperature for the stone sawdust
mastic (1.78 Hz).
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FIGURE 12: |G*|cos § comparison between stone sawdust and
limestone (1.78 Hz).

for the control binder and each of the eight filler-asphalt
mastics could be obtained. Figures 13-17 show the flow
curves (G* value versus frequency) for the control asphalt
binder, the limestone mastic, and the stone sawdust mastic
(examples at 0.05 and 0.30 volume ratios).

The above flow curves show how the stiffening behavior
of asphalt binder and mastic changed due to the increase in
loading frequency and test temperature. In addition, the G*
value increased due to three factors: (1) a decrease in
temperature, (2) an increase in loading frequency, and (3) an
increase in volume ratio.

Master curves are used to represent huge data at multi-
temperatures and loading frequencies such as the case in this
study. One master curve for each volume ratio at a reference
temperature is obtained to describe the behavior of the asphalt
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FIGURE 13: G* value versus loading frequency for the control
asphalt binder.
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FIGURE 14: G* value versus loading frequency for the limestone
mastic (VR =0.05).

material (asphalt binder or mastic) at a variety of temperatures
and loading frequencies.

The |G*| master curves for the control asphalt binder and
the eight filler-asphalt mastics were obtained. Using a ref-
erence temperature of 40°C for the master curves, the shift
factors for the other temperatures were calculated for each
master curve. Table 8 illustrates an example of the shift
factors for the 0.05 stone sawdust mastic.

Figures 18-22 show the master curves for the two
mastics at the following volume ratios: 0.00, 0.05, 0.10, 0.20,
and 0.30, respectively. These curves can be used easily to
determine the behavior of the asphalt material at a specific
frequency and temperature.
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FIGURE 15: G* value versus loading frequency for the stone sawdust
mastic (VR=0.05).
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FIGURE 16: G* value versus loading frequency for the limestone
mastic (VR=0.30).

The master curves of the two mastics at the four volume
ratios reveal several important findings. The differences
in the complex shear modulus (G*) value between the
limestone filler and the stone sawdust filler are relatively
small particularly at low reduced frequencies (i.e., at low
loading frequencies and high temperatures). These differ-
ences become larger at high loading frequencies and low
temperatures; yet, they are still insignificant between the two
fillers. These findings again suggest that the stone sawdust
may be used as alternative filler for the limestone in asphalt
mixtures.

The ratio of the mastic modulus to the control asphalt
binder modulus was found to decrease as the loading
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FIGURE 17: G* value versus loading frequency for the stone sawdust
mastic (VR=0.30).

TasLE 8: Shift factors for the 0.05 stone sawdust-asphalt mastic.

Temperature ("C) 10 20 30 40 50 60 70
log(ar) 2.871 1.895 0.898 0 -0.762 -1.441 -2.024
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FIGURE 18: G* value master curve for the control asphalt binder
(VR=0.00).

frequency increased; this is demonstrated in Figure 23. The
figure shows the comparison between the two mastics at
a temperature of 40°C and volume ratio of 0.30. Similar
trends were also obtained at the other temperatures and
volume ratios.

The complex shear modulus ratio (mastic to binder) was
also plotted against the volume ratio for both mastics
(limestone and stone sawdust). Figure 24 illustrates this
relationship for the two mastics at a temperature of 40°C
and loading frequency of 1 Hz. The modulus ratio increased
with the increase in the volume ratio as seen in this figure.
A similar trend was obtained at the other temperatures
and loading frequencies. The best-fit model that described
this relationship was found to be the exponential model
as displayed in the figure with high coefficient of
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F1GURE 19: G* value master curve for the two mastics (VR =0.05).
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F1GURE 20: G* value master curve for the two mastics (VR=0.10).
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FIGURE 21: G* value master curve for the two mastics (VR =0.20).

determination (r?) for both mastics. This applied to all
combinations of the seven temperatures and nine loading
frequencies.
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F1GURE 22: G* value master curve for the two mastics (VR =0.30).
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7. Conclusions

The analysis and the results of this study revealed the fol-
lowing major conclusions:

(1) The stone sawdust filler showed higher resistance to
fatigue than the limestone filler.

(2) The stone sawdust-asphalt mastic also showed higher
resistance to rutting than the limestone-asphalt mastic.
The relationship between |G*|/sin § and volume ratio
was found to be exponential. The exponential models
with the coefficients of determination (r?) for the two
mastics were summarized.

(3) The elastic behavior of the two asphalt mastics in-
creased with the increase in volume ratio. However,
the |G*|cos & values for the stone sawdust and
limestone mastics were nearly similar at all fre-
quencies and temperatures. The best-fit model that
described the relationship between the volume ratio
(VR) and the |G*|cos § value is the exponential
model. The coefficient of determination (r?) for the
model was high in all cases.
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FIGURE 24: Mastic-to-binder modulus ratio versus volume ratio
(T=40°C and f=1Hz).

(4) The two fillers showed a typical reduction in the
|G*|cos § value with temperature. Yet, the rate of
reduction at lower temperatures was very sharp and
significant compared to high temperatures.

(5) The differences in the complex shear modulus (G*)
value between the limestone filler and the stone
sawdust filler were found relatively small and in-
significant particularly at low loading frequencies
and high temperatures.

(6) The mastic-to-binder modulus ratio was found to
decrease with the increase in loading frequency at all
temperatures and volume ratios. In addition, the
modulus ratio increased nonlinearly with the in-
crease in the volume ratio; the best model that de-
scribed this relationship is the exponential model
with a high coefficient of determination (r2).

Data Availability

The data used to support the findings of this study are in-
cluded within the article. Any additional data related to the
paper may be requested from the corresponding author.

Additional Points

Practical Application. The above findings suggest that the
waste stone sawdust could replace the limestone filler in
asphalt mix production as both materials demonstrated
similar mechanical behaviors and trends in this study.
Moreover, it is important to mention that the source of the
two materials is the same. The limestone filler is part of the
limestone crushed in local quarries from limestone rocks, and
the stone sawdust is a waste material collected from stone-
manufacturing sites for building purposes. For this reason, the
other physical properties of the two materials are expected to
be the same. In conclusion, this study provides an alternative
(the waste stone sawdust filler) for the limestone filler material
that is used in the production of hot-mix asphalt.
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The metallic-framework drywall is used as the specimens in this research. The standard fire test and finite element simulation were
performed once on 300 cm x 300 cm area specimen and twice on 100 cm x 100 cm area specimens, to quantify and evaluate the
effect of the junction boxes on the fireproof property after being embedded into the metallic-framework drywall. The results of the
experiment show that the temperature of unexposed surface rises faster due to the higher thermal conductivity of the internal
metal junction box. The general junction box whose material is PVC can be softened oft when heated, affecting the integrity of the
firewall and also leading to rapid transfer to the unexposed surface. The prediction of finite element simulation temperature is
highly correlated with the results of the real experiment. It is effective to strengthen the original weaknesses by adding a calcium
silicate board behind the junction box and using metal panels instead of PVC. The temperature of the temperature junction box
surface which is the highest temperature point of unexposed surface decreased most significantly at 72.9°C after the reinforcement.
In addition, after reinforcement, the fire resistance time can reach to 1 hour by inserting the junction box into the metallic-

framework drywall.

1. Introduction

With the development of architectural technology and fire
engineering during the last decade, the construction
project tends to develop high-rise and giant buildings. To
adapt the tendency, a method of reducing the weight of the
building, avoiding the construction risks and shortening
the constructional duration, becomes an important issue
for architectural engineering. In addition, the usage of
thick and heavy building materials such as traditional
brick wall or concrete wall must be reduced. For example,
different dry metallic-framework wall systems which are
expected to replace the traditional thick and heavy
building materials appear constantly. These systems have
features of optimization of construction methods, short
constructional duration, and various constructional
methods and light materials whose quality is more stable

than concrete. With the gradual popularity of new ma-
terials and new constructional methods, such as dry
metallic-framework wall system, whether they can achieve
a certain time of fire resistance and can be applied in the
fire division become more and more important. Whether
the building components have the appropriate fire safety
should be detected by the standard fire test [1-6]. In
addition, they should be applied to the buildings after they
are equipped with the capacity of thermal resistance or fire
integrity [7]. Based on the test time, these products can be
classified by the fire resistance. For example, the firewalls
can be classified into 1-hour, 2-hour, or 3-hour fire
resistance.

There are many investigated studies on the performance
issues of the dry metallic-framework wall partitioning sys-
tem. Lin et al. [8] investigated the combination of metallic
framework and calcium silicate board. Ho and Tsai [9]
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proposed that the quality of boards had a great effect on the
fire resistance of the wall. Nithyadharan and Kalyanaraman
[10] researched on the strength of the connection of screw
and calcium silicate board. Chuang et al. [11] came up with
the conclusion that the room temperature had a direct in-
fluence on the surface temperature when the specimen was
tested for fire resistance. Maruyama et al. [12] researched the
aging of calcium silicate board and found that its strength
weakened as time goes by.

The above research studies on the fire resistance of dry
metallic-framework wall are based on the standard fire test
experiments. With CAE (computer-aided engineering) in-
creasingly being applied in various engineering fields, as an
important part of CAE, CFD (computational fluid dy-
namics) has been developed rapidly during the last two
decades. The principle of CFD is to solve the differential
equations of nonlinear simultaneous quality, energy, com-
ponent, momentum, and scalar with numerical methods.
The results of solutions are able to predict the details of
movement, heat transmission, mass transmission, and
burning, becoming an efficient tool to optimize process
equipment and enlarge quantitative design. The basic fea-
tures of CFD are numerical modelling and computer ex-
periment. Beginning from the fundamental physical
theorems, to a large extent, they replaced the expensive
equipment for fluid dynamic experiments, greatly influ-
encing the scientific researches and engineering technology.

CFD is mainly applied in cutting-edge designs, such as
aerospace design, automobile design, and turbine design.
In addition, more and more numerical simultaneous aided
researches in building field are processed by making use of
CFD. For example, Collier and Buchanan [13] presented
the prediction model for fire resistance of drywall by the
finite element method; Do et al. [14] came up with that the
thermal conductivity of porous material is mainly related
to the thermal conductivity of its components and spatial
arrangement of its complex structure by formula, mi-
crostructure observation, and experiments; Nassif et al.
[15] presented the comparison of thermal conductivity of
a dry gypsum board wall by the standard fire experiment
and by numerical modelling.

According to regulations in different countries or the
above researches which focus on the standard fire test ex-
periment or computer simulation, they are only studying
and discussing focusing on the wall. Wang et al. [16] once
proposed that installing devices, such as the embedded
junction box in the wall, could influence the fire resistance of
the wall. However, this research focused on the quality
control of the board with standard fire test experiment. It
does not consider numerical modelling and corresponding
quantitative research.

Based on the above foundation, this research takes the
dry metallic-framework wall with embedded junction box as
the experimental specimens. The quantitative analysis of its
fire resistance through a physical experiment and CFD
numerical modelling gives improvement measures for its
destruction behavior. Aiming at disruptive behaviors, filling
the existing gaps, and supplementing the fields are not in-
volved in regulations of various countries at present.
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The research conducts a total of 3 standard fire re-
sistance tests and numerical modelling simulations. Test 1
uses the standard of ISO 834-1 [2] to perform the test on
a test specimen with a of size 300cm (width) * 300 cm
(height), proposes the numerical model to simulate the
process of transient heat transmission, compares the results
of computer simulation and the test results, and properly
optimizes the digital model parameters. In Test 2, the fire
area of the specimen is 100 cm (width) % 100 cm (height),
and an embedded junction box in the testing specimen was
used to compare the numerical modelling of CFD models. By
quantitative analysis, the weakness of the embedded junction
box in the wall can be analyzed, which influences the fire
resistance, and the reinforcement scheme was proposed. Test 3
simulates the feasibility of the reinforcement scheme by CFD
numerical modelling, tests on the specimen of which fire area
is 100 cm (width) = 100 cm (height), and verifies the feasibility
of numerical modelling and reinforcement scheme by the use
of the standard fire test.

2. Experimental Details

2.1. Fire Test Furnaces. In this research, two sets of test
equipment are applied, and both can conduct material testing
horizontally or vertically. The large test furnace of the first
equipment is 300cm (width) * 300cm (height) * 240 cm
(depth) (Figure 1). The small test furnace of the second
equipment is 120cm (width) * 120cm  (height) * 120 cm
(depth) (Figure 2). They both adopt the electronic ignition,
and the control system used is the computer PID temperature
controller. There are 8 burners in the large test furnace among
which only 4 are switched on for the wall test. In the furnace,
there are two thermocouples to, respectively, control the
operation of 2 high-speed burners on two sides and other 7
thermocouples are to measure the temperature in the furnace.
All thermocouples are inserted from the top of the test
furnace. There are 4 burners in the small test furnace. When
the wall is tested, only 2 burners which are close to the wall are
opened. In the furnace, there are two thermocouples to, re-
spectively, control the operation of 1 high-speed burner
on two sides and other 2 thermocouples are to measure the
temperature in the furnace. All thermocouples are inserted
from the left side to right side of the test furnace. The ceramic
wool is paved around and the top of the furnace wall of
which maximum temperature is 1400°C and density is
240 kg/m>. The furnace bottom is made by the adiabatic
board of which thermal resistance is 1400°C and density is
1140 kg/m”. The refractory mortar is applied in the gap
and connection of adiabatic boards. The exterior body of
the test furnace is made by steel plate and steel frame. At
the back of the test furnace, there is an air outlet for
exhaust air, and it is connected to the outdoor chimney.
All the thermocouples are 10 cm away from the fire testing
area of the specimen. The temperature in the furnace is
measured by a K-type thermocouple of which specification
conforms to the regulation of CNS 5534 [17] that the
thermocouple shall possess property above 0.75 Grade.
The thermocouple wire is covered by the heat-resistant
stainless steel pipe of which the diameter is 6.35mm
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(16 gauge). In addition, the heat-resistant stainless steel ~ 2.2. Test Specimens. The material used in the research is
pipe is placed in the insulated stainless steel pipe with an 9 mm calcium silicate board which is an erect blanking plate
inner diameter of 14 mm and the front end is open and the =~ and fixed by a self-tapping screw. The self-tapping screw’s
hot junction of front end extrudes 25 mm. All the ther-  diameter, length, and distance are 3.5mm, 25.4 mm, and
mocouples in the furnace have been placed in the envi- 250 mm, respectively. Its column is 65x35x0.6mm C-
ronment at a temperature of 1000°C for 1 hour [2] before =~ shaped steel, and the upper and down channels are
the first use to increase the sensitivity of measuring the = 67x25x0.6mm C-shaped steel. The distance of the in-
temperature, and the accuracy requirement is +3%. All  termediate column is 406 mm, and the distance of the
instrument signals are connected to the DS600 data re-  column away from two sides is 297 mm. The thickness of
corder first, and DS600 processes and converses the signal ~ mineral wool is 50 mm, and a density of 60 kg/m” is applied
to DC 100. At last, the data capture recorder converses the to the material. For the size of the embedded socket, the
signal and outputs to the ThinkPad W540 laptop by  external switch panel is 120 mm x 70 mm, and the internal
a network cable. The data capture recorder is set to record  junction box is 101 x 55x 36 mm. There are two kinds of
once in every 6 seconds. external switches. In Test 2, the material of the switch panel
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is PVC (polyvinyl chloride), and the internal material is
galvanizing steel box. In Test 3, the material of the external
switch panel is steel, and the internal material is the gal-
vanizing steel box. The junction box in Test 2 is not equipped
with any reinforcement measures. Besides that the steel is
selected in Test 3 as the material of the external panel, 9 mm
calcium silicate board is added behind the junction box
which is close to the fire source.

Three 60-minute standard heating tests were performed in
the research. Test 1 is a standard test in which the specimen size
is 3m (height) x 3 m (width) and the density of fireproof cotton
is 60 kg/m® as shown in Figure 3. Test 2 is a standard test with
small high-temperature furnace in which the specimen size is
1 m (height) x 1 m (width) and the density of fireproof cotton is
60kg/m’. The socket junction box is embedded in the un-
exposed surface of the specimen. In addition, the material of the
switch panel is PVC (polyvinyl chloride), and the internal
material is the galvanizing steel box as shown in Figure 4. Test 3
is a test with small high-temperature furnace in which the
specimen size is 1 m (height) x 1 m (width) and the density of
fireproof cotton is 60kg/m®. The socket junction box is em-
bedded in the unexposed surface of the specimen. In addition,
the material of the switch panel is steel, and the internal material

is the galvanizing steel box. A 9mm calcium silicate board is
added at the back of the box, as shown in Figure 5. Because there
is no limit for the height that the socket junction box should be
placed in the wall, this research expects to observe and simulate
the most typical model in reality. In addition, according to the
regulations of ISO 834-1 [2] that the weakness of the specimen
shall be located in the center, the specimen of this research is 1 m
(height) x 1 m (width) and the socket junction box is placed in
the position 55 cm away from the ground. The furnace pressure
is lower when it is more close to the bottom of the furnace. In
short, the furnace pressure increases linearly as the height of the
specimen increases. However, the furnace pressure is the neg-
ative pressure when it is 50 cm below the ground. As a result, the
socket junction box is placed in the positive pressure position. As
the test expects to verify the similarity of results of numerical
modelling and test by Test 1, it takes the full-scale standard test of
3m (height) x 3 m (width). The research expects to discuss the
devastation that the embedded electronic junction box affects
the components of wall, propose the reinforcement measures
combining with the result of numerical modelling, and verify
these measures through Test 2 and Test 3. As a result, it selects
the test with small high-temperature furnace, and the size of the
specimen is 1 m (height) x 1m (width).
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2.3. Test Conditions. Test 1 follows the ISO 834-1 [2]
standard. The size of the fire testing specimen is 3m
(height) x 3m (width), and the zero pressure of the test
furnace is at the height of 50 cm from the furnace bottom. As
a result, according to the regulation of ISO 834-1 [2], 8 Pa
should increase as the height increases every 1 m and the
furnace pressure on the top of the specimen should not
exceed 20 Pa; the standard heating curve of the test furnace is
calculated using the following equation, and the furnace
pressure measurement is recorded by a computer every 6
seconds:

T = 20 + 345 x log,, (8t + 1), (1)

where T: average standard furnace temperature ("C) and
t: time (min).

The heating temperature of Test 2 and Test 3 is adopted
from the ISO 834-1 [2] standard heating curve, and the
furnace pressure of the specimen is also set that the zero
pressure is at the height of 50 cm from the furnace bottom.
As aresult, according to the regulation of ISO 834-1 [2], 8 Pa
should increase as the height increases every 1 m and the
furnace pressure on the top of the specimen is 4 Pa, and the
pressure of the junction box is about 0.8 Pa.

2.4. Measurement and Recording of the Temperature of
Standard Fire Test of Specimens. Test 1 sets 8 thermocouples
on the unexposed surface of the specimen, as shown in
Figure 6. According to the requirements of ISO 834-1 [2],
temperature distribution is observed. Because it is re-
quired to compare the similarity of results of numerical
modelling and tests and optimize the computer model,
three measuring points are set in the middle layer of
the wall and the measuring points are, respectively, in
the position of 9 mm, 41 mm, and 74 mm, as shown in
Figure 3. In Test 2 and Test 3, they, respectively, install the
thermocouples on the unexposed surface of the speci-
mens, as shown in Figure 7; four thermocouples are,
respectively, located in the center of unexposed surface of
the specimen, one in the center of wall, one on the panel of
junction box, and another one in the center of mineral
wool. The temperature measurement is recorded once in
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FIGURE 6: Test 1: the unexposed surface of the specimen and ge-
ometry of the thermocouple.

every 6 seconds by a computer, and it is recorded by
photographs during the test.

3. Numerical Modelling

3.1. General Modelling. In this study, numerical modelling is
based on CFD technology for a series of computer simu-
lation analysis, the use of software fluent to solve [18]. It can
be roughly divided into three parts: preprocessing, solve, and
postprocessing. Preprocessing mainly focuses on how to
build the geometric model and mesh. This research needs to
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get the computer model which matches the standard fire test
result, so the geometric model is designed corresponding to
the standard fire test of the specimen. The numerical
modelling takes the finite element numerical analysis in
which the principle is to divide the solution domains into
several interrelated subdomain units, assume a proper ap-
proximate solution to every unit, deduce the general satisfied
conditions of the domain, and work out the solution of the
question. Therefore, it is necessary to build the geometric
model and mesh it into several units. Based on the shape and
size of building components, Test 1 meshes it by hexahe-
dron, as shown in Figure 8. The meshing sizes of the
calcium silicate board, steel stud, and fireproof cotton are
9x9x9mm, 0.6x0.6x5mm, and 25x 25X 25mm, resp-
ectively. The geometric model in Test 2 and Test 3 is added
with the embedded junction box, as shown in Figure 9. In
addition, this part is added to the meshing. The meshing size is
0.5x0.5x0.5mm, and the other part is the same as Test 1.
Solve mainly includes how to set up the related material pa-
rameters, set boundary conditions, and select the mathematics
model and calculation methods. Postprocessing aims to an-
alyze the data solved by modelling.

3.2. Parameter Setting. 'The materials used in the test include
steel, calcium silicate board, PVC, and mineral wool. The
parameters involved in the modelling material are specific
heat (J/kg’C), thermal conductivity (W/m°C), and density

Advances in Materials Science and Engineering

FIGUure 8: Numerical model of meshing.
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(kg/m?). The parameters used in steel refer to the regulations
of BS EN 1993 [19]. In addition, the specific heat of steel
linearly increases as the temperature rises, as shown in
Figure 10. The thermal conductivity of steel is 53.3 W/m°C
when the temperature is 20°C, and it rises to 27.4 W/m’C
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when the temperature is 800°C. However, the thermal con-
ductivity is stable when the temperature is more than 800°C.
The density of steel is 7850 kg/m’. Walker and Pavia [20]
performed research on the thermal performance of a series of
insulation materials. According to their related data, the
specific heat of the calcium silicate board is 819.4 J/kg’C. The

0.0564 + 7.786 x 107 x t + 7.8571 x 1078 x ¢2
A =1 0.0937 + 1.67397 x 10710 x ¢3

0.179

where A: thermal conductivity (W/m°C) and ¢: temperature
(O).

In this research, the PVC (polyvinyl chloride) panel of
the junction box used in Test 2 conforms to the regula-
tions of CNS 3142 [22]. According to the related researches
made by Mansour et al. [23], the values of the specific heat,
thermal conductivity, and density of PVC are 900 ]J/kg’C,
0.16 W/m°C, and 1380 kg/m’, respectively. In this research
made by Nassif et al. [15], it presents some material property
parameters related to mineral wool. Combining the speci-
fications of mineral wool used in this research, the specific
heat, respectively, is 840]/kg’C and thermal conductivity
increases as the temperature rises [24], as shown in Table 1.
The density of mineral wool is, respectively, 60 kg/m>. The
specific setting is shown as Table 2.

4. Results and Discussion

4.1. Test Results. 'The test time for Test 1 lasted 60 minutes.
After 9 minutes of the test, trace smokes with abnormal
smell burst out above the unexposed surface of the specimen
and the seams of framework. At this time, all temperatures of
measuring points obviously tend to rise (Figure 12). Until
the 14th minute, the temperature of the measuring point on
unexposed surface tends to decline until the 35th minute.
From the 35th minute to the end, the temperatures rise all the
time. The temperature of the inner wall’s fire part rises rapidly
after 9 minutes, and it slowly rises to the end after 22 minutes.
At the end of test time, the temperature of the measuring
point is 738.1°C. The temperature of the inner wall’s middle
part rises rapidly after the test begins till 9 minutes, and the
rise begins to slow down towards the end after 38 minutes. At
the end of test time, the temperature of the measuring point is
487.8°C. The situation of temperature of the inner wall’s cold
part is generally the same to that of the temperature of the side
wall within the first 18 minutes. After that, the temperature
gradually goes up to the end, and the final temperature is
316.5°C. At the 21st minute, a transverse crack appears on the
upward side of the left board of the unexposed surface, and
the crack extends to the center at 38th minute. When the test
time is over, the temperature in the upper left center is the
highest one (104.7°C) among temperatures on the unexposed
surfaces, and the highest average temperature was 97.5°C
(Figure 13), which does not exceed the stipulated fire

regulation of GB/T 10699-1998 [21] stipulates the thermal
conductivities of the calcium silicate board at various tem-
peratures and other parameters. Its thermal conductivity is
shown in the following equation, and the thermal conductivity
of the calcium silicate board linearly increases as the tem-
perature rises, as shown in Figure 11:

(t <500°C)
(500 <t <800°C), (2)
(t>800°C)

resistance given in regulations of ISO 834-1 [2]. After the test,
the integrity of the unexposed surface of the specimen is still
good (Figure 14). Therefore, the specimen meets the demand
of 60-minute fire resistance.

The test time of Test 2 lasted 60 minutes. After 6 minutes
of the test, some smokes burst out and all temperatures of
measuring points obviously tend to rise. Until the 37th
minute, the temperatures of the thermocouple steadily in-
crease, and the temperature junction box surface rises most
sharply. It can be found that the embedded junction box has
a great effect on the fire resistance of the metallic wall system.
After that, the temperature significantly decreases and
maintains around 40°C until the end of test. This is because
the external panel of the junction box is PVC. According to
the regulation of CNS 3142 [22], the softening temperature
of PVC is not less than 73°C. The temperature of the
thermocouple is higher than 100°C at the 28th minute, and
the external panel of the junction box softens comprehen-
sively (Figure 15) and falls out. This thermocouple is placed
on the panel of the junction box, so the recorded temper-
ature tends to plunge. Other temperatures of measuring
points increase steadily. Among them, the temperature of
the upper left center rises most significantly. This is because
the furnace pressure is in a rising trend, and the temperature
of the upper specimen is higher than that of the below
specimen. The junction box is placed left-to-center, so the
hot gas is released to the unexposed side from the weak
surface after the weak surface is destroyed. After that, the hot
gas rises rapidly making the temperature of the thermo-
couple higher than other temperatures. Until the 57.6th
minute, the temperature of the upper left center is 207.8°C
(Figure 16) and its initial temperature is 25°C, increasing by
182.8°C. According to ISO 834-1 [2], when the highest
temperature of the unexposed surface is higher than the
initial temperature by 180°C, it can be judged that the fire
resistance is destroyed. After the test, the junction box panel
on the unexposed surface of the specimen falls out, so the
integrity is destroyed (Figure 17). Therefore, this specimen
does not meet the demand of original 60 min fire resistance.

The test time of Test 3 lasted 60 minutes. After 6 minutes
of the test, some smokes burst out and all temperatures of
measuring points obviously tend to rise. After 15 minutes,
the temperature of the inner part increases more obviously
and the temperature is 463.4°C at the end of the test. All
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FiGure 11: Thermal conductivity for the calcium silicate board at
elevated temperatures.

TaBLE 1: Thermal conductivity of the mineral wool.

Mineral wool
Temperature ("C) 239 93 149 260 371

Thermal conductivity 0.038 0.045 0.057 0.069 0.082

(W/m°C)
TaBLE 2: Thermal properties.
. Specific heat  Thermal conductivity =~ Density
Material (J/kg'C) (W/m'C) (kg /m3)
According to 20°C, 53.3
Steel Figure 10 T'>800°C, 27.4 7850
Calcium 819.4 According to (2) 1350
silicate
PVC 900 0.16 1380
Mineral 840 According to Table 1 60
wool

temperatures steadily rise. From 20th to 30th minute, the
temperatures rise more sharply. After that, they tend to be
stable until the 48th minute. From the 48th minute, the rising
range of the temperature becomes greater towards the end.
Among the temperatures, the temperature of the junction box
surface rises most obviously, followed by the temperature of
the upper left center. It is because the junction box fire re-
sistance performance is still weaker than the surrounding
integrated wall although it has been strengthened. Therefore,
the junction box temperature is higher than other places. At
the end of test, the temperature of the junction box surface is
highest on the unexposed surface which is 198.2°C (Fig-
ure 18). The initial temperature is 25°C, increasing by 173.2°C.
The highest average temperature of all the measuring points is
136.5°C, increasing by 111.5°C. According to ISO 834-1 [2],
the highest temperature rise of unexposed surfaces should not
be higher than 180°C from the initial temperature and the
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FIGURE 13: Time-temperature chart for the specimen in Test 1.

average temperature rise should not be higher than 140°C.
During the test, these temperatures did not exceed the value
given in the regulation of ISO 834-1 [2]. After the test, the
integrity of unexposed surface of the specimen is still good
(Figure 19). Therefore, the specimen meets the demand of 60-
minute fire resistance.



Advances in Materials Science and Engineering

(a)

FIGURE 14: The result of the specimen after 60 min standard fire test in Test 1. (a) Unexposed surface. (b) Exposed surface.

4.2. General Discussion. Test 1 is the full-scale standard test
with 3m (height) x3m (width), and its standard fire test
specimen and measuring temperatures of CFD finite element
numerical modelling are in accordance with the test. The
results obtained by comparing numerical modelling and
standard fire test are shown in Figure 12. The heating curve of
the test furnace is in accordance with the modelling standard
heating curve which shows that the standard fire test tem-
perature confirms with the regulation of ISO 834-1 [2]. In the
standard fire test, the temperature of the inner wall’s fire part
rises faster in the first 22 minutes of the test and rises slower
from 22nd minute to 60th minute. Similarly, the heating curve
of numerical modelling on this measuring point is relatively
ideal, which is basically coincident with the escalating trend of
this measuring point in the standard fire test. In the first 20
minutes, the temperature of the inner wall’s middle part rises
slower, and after that, it rises faster. It is because at the 21st
minute, a transverse crack appears on the upward side of the
left board of unexposed surface and causes the temperature to
rise faster. Because the numerical modelling is in an ideal
condition, the numerical modelling temperature on this point
rises slowly and continuously, so there will be a curve al-
ternating situation of temperature slope and solid test tem-
perature slope. However, the overall escalating trends are
highly coincident. The temperature of the inner wall’s cold
part is away from the fire source, so its temperature heating
curve is gentler than previous two temperatures, and it is
highly correlated to the numerical modelling temperature. In
the standard fire test, trace smokes with abnormal smell burst
out above the unexposed surface of the specimen and the
seams of framework at the 9th minute, so the average tem-
perature on the unexposed surface greatly rises but tends to
rise slower, corresponding with the numerical modelling
temperature. Through the comparison, it can be found that
the temperature ascending curves of different measuring
points of numerically predicted values are highly correlated
with the data of all temperature measuring points in the
standard fire test in 60 minutes.

From Test 1, it can be found that the specimen without
the junction box can meet the demand of 1-hour fire

FiGure 15: The external panel of the junction box softens at 28th
minute in Test 2.

resistance and the CFD numerical modelling result is highly
correlated with the standard fire test. Test 2 expects to focus
on exploring the effect of the specimen with the embedded
junction box on the fire resistance and whether its related
numerical modelling has correlation with the standard fire
test result. Therefore, in Test 2, the specimen size is designed
to be 1.0 m (height) x 1.0 m (width) and the junction box is
embedded into the unexposed surface. The external panel of
the junction box is PVC (polyvinyl chloride). In addition,
the numerical model is added to the junction box, including
the construction of the internal box and the external panel.
The comparison of the standard fire test result and the
numerical modelling result is shown in Figure 20. In the
figure, it can be seen that the temperature heating curve
of the test high-temperature furnace is very close to the
standard heating curve in 60 minutes. It shows that the
temperature of the burning furnace in the standard fire test
meets the demand of ISO 834-1 [2]. The temperature value
of the inner part in the standard fire test has limited dif-
ference from the numerical modelling temperature value on
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FIGURE 16: Time-temperature chart for the specimen in Test 2.

FIGURE 17: The result of the specimen after the 60 min standard fire
test in Test 2.

this point, and their escalating trends are basically corre-
sponding and highly correlated. The actual temperature of
the junction box surface is highly correlated with the
temperature of the calculated junction box surface from test
beginning to 37th minutes. After that, the test recorded
temperatures dramatically reduce until the end of the test.
This is because the external panel of the junction box is PVC.
According to the regulation of CNS 3142 [22] that the
softening temperature of PVC is not less than 73°C, the
temperature of the thermocouple is more than 100°C at 28th
minutes and the external panel of the junction box softens
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-

F1GURE 19: The result of the specimen after the 60 min standard fire
test in Test 3.

comprehensively and falls out at 37th minute. As a result, the
test temperature dramatically reduces after that, which is
obviously different from the calculated temperature after 37
minutes. The average surface temperature and calculated
average surface temperature's escalating trends are highly
correlated. By comparison, it can be found that the standard
fire test result is in accordance with the numerical modelling
result in Test 2. Through the observation of the standard fire
test and prediction of numerical modelling, it can be seen
that after the junction box is embedded in the wall member,
it will cause damage in two aspects, resulting in the
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component failing to reach the original 1-hour fire re-
sistance limitation. First, the material of the junction box is
metal and its thermal conductivity is much higher than that
of mineral wool and calcium silicate board, so the heat
transmits to the unexposed surface faster. Second, the
external panel material of the junction box is PVC and it
begins to soften when the temperature is at 80~100°C. When
the temperature rises, the panel falls out and the external
junction box exposes. The material of the junction box is
metal and it has high thermal conductivity, so it destroys the
fire resistance of component.

The result of Test 2 shows that the position of the
embedded junction box has a higher temperature than
other parts and that the PVC junction box panel softens
and falls out in heat which destroys the integrity of wall.
According to above weaknesses, Test 3 proposes related
reinforcement measures. Considering the density of the
calcium silicate board as 1350 kg/m® and the mineral wool
as 60 kg/m’, the fire resistance performance of the calcium
silicate board is much better than that of the mineral wool
under the same thickness, although its thermal conduc-
tivity is slightly higher than the mineral wool. Therefore,
a reasonable reinforcement measure is adding the calcium
silicate board to the back of junction box and changing the
PVC material to metal material. After these adjustments,
modify the numerical models and parameters. When the
modelling result meets the demand of I-hour fire re-
sistance, the standard fire test can be processed to verify.
The final comparison of the standard fire test result and
numerical modelling result is shown in Figure 21.
According to the regulation of GB/T 10699-1998 [21], the
water content of the calcium silicate board is not more than
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FIGURE 21: Measured temperatures compared to the calculated
values in Test 3.

10%. Therefore, the board contains certain water. The
specific heat of water is higher and the heating temperature
variation is not obvious, so the temperature of the inner
part of the standard fire test at the beginning of heating is
lower than the numerical modelling temperature. How-
ever, after the water evaporates completely, the tempera-
ture rapidly rises, which is highly correlated with the
numerical modelling temperature. As shown in Figure 21, it
can be seen that the temperature of the junction box surface
is still higher than the temperature of the average surface.
Although two aspects on the weakness are reinforced, it is
still limited by the material and it cannot be completely
identical with the original wall. The temperature of the
junction box surface is the highest temperature on un-
exposed surface, but it can meet the demand of 1-hour fire
resistance. The final result of the standard fire test in Test 2
shows that the temperature of the average surface is
153.0°C. When the standard fire test of Test 3 is over, this
temperature is 138.2°C, reducing by 14.8°C. Because the
panel falls out at after 37 minutes, the measurement of the
temperature of the junction box surface in Test 2 distorts.
The final temperature of the junction box surface of the
standard fire test in Test 3 is 186.2°C, conforming to the
standard of ISO 834-1 [2]. When the numerical modelling
of Test 2 is over, the temperature of the average surface is
148.6°C and temperature of the junction box surface is
234.2°C. When the numerical modelling of Test 3 is over, the
temperatures are, respectively, 127.5°C and 161.3°C, reducing
by 21.1°C and 72.9°C, respectively. It can be seen that com-
pared with Test 2, the temperatures on unexposed surface
obviously reduce after reinforcement in Test 3 and the
temperature of the junction box surface reduces most
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significantly. However, in numerical modelling and standard
fire test, the metallic-framework walls with embedded junc-
tion boxes after reinforcement in Test 3 can meet the demand
of 1-hour fire resistance.

This is an innovative research. It is the first time to put
forward the quantitative research on influence of embed-
ded junction box on fire resistance of metal frame walls and
analyze the weakness. In addition, it proposes effective
reinforcement aiming at the weakness. After the re-
inforcement, the wall meets the demand of 1-hour fire
resistance when the metallic-framework wall is embedded
with the junction box. During the process, it successfully
builds the CFD numerical models which is corresponding
with the specimens, successfully predicts the effect of re-
inforcement by modified model parameters, and verifies it
in the following standard fire test. This research not only
systematically analyzes the metallic-framework wall with
the embedded junction box and proposes effective re-
inforcement measures but also predicts them by CFD
numerical modelling and verifies them successfully in the
test. It is proved that the pattern of numerical modelling
before the standard fire test is effective. Similar patterns can
be applied to other researches on the wall systems and that
can greatly save the cost of the test. Before the test, the
numerical modelling can be processed to work out the
predicted results. When the predicted result is satisfying,
the standard fire test can be processed to verify.

5. Conclusions

(1) When the junction box is embedded into the me-
tallic wall, the fire resistance of wall may be dam-
aged because the metal junction box has a larger
thermal conductivity and transfers the heat faster,
while the PVC panel of the junction box softens in
heat.

(2) The result of numerical modelling predicting the
temperature by finite element is highly correlated to
the result of standard fire test.

(3) After reinforcement, the temperature of the junction
box surface decreases most significantly, and in Test
3, it reduces by 72.9°C when compared to Test 2.

(4) Adding the calcium silicate board to the back of the
junction box and using the metal panel instead of the
PVC panel can reinforce the original weakness ef-
fectively and help the metallic wall with the em-
bedded junction box to meet the demand of 1-hour
fire resistance.

(5) Making use of the finite element numerical mod-
elling method to predict the test result is an effective
way. It can be applied to other related fire prevention
research and product development.
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Five structural levels, that is, material level, section level, member level, storey level, and structure level, were proposed to
analyze the multilevel nonlinear mechanism of the reinforced concrete (RC) framed structures. Based on the presented
deformation equivalent principle, a generalized stiffness damage model was developed for each structural level. At each
structural level, the stiffness damage value can be calculated by the integration of the material stiffness damage. Furthermore, an
impact factor was proposed to reflect the damage correlations between different structural levels. In order to verify this method,
the proposed method was used to study the damage evolutions at various structural levels of a 12-storey frame structure. The
numerical model utilizing the proposed analysis method produces results in good agreement with the test results of the 12-
storey frame structure. It shows that the proposed method is useful to assess the structure multilevel damage performance and

to design a new structure.

1. Introduction

In damage mechanics of concrete structures, a damage
model can directly calculate the inherent damage states of
structures, members, or sections. For this reason, in the
performance-based design method (PBDM), the damage
degree is often evaluated in an explicit way by introducing
the damage performance levels, which corresponds to the
seismic intensity levels. The performance levels describe
damage with the aid of damage models. However, in actual
design works by now, the damage model is usually used to
assess the nonlinear behavior for structure level or
member level and very limitedly used in designing. The
most important reason is that there is no any perfect
damage model to describe the damage states for every
structural level, and the damage correlations between the
different levels are unknown. That is to say, it is not like
the force-based design method which can clearly calculate
the force relations between the structure level, storey level,
member level, section level, and material level. Therefore,
it is necessary to propose a new damage model which can
calculate damage for every structural level and find

a way to reflect the damage correlations between different
structural levels.

For different analytical purposes, the damage model
can be defined by different mechanical indicators, such as
stiffness, deformation, energy, and vibration character-
istics. For example, the hysteretic energy-based damage
model is often used to evaluate the damage for structure
level or member level [1, 2]. In some researches, the
deformation has been verified as a good damage indicator
not only for the bending-failure-type members (RC col-
umns, beams, and walls) but also for the shear-failure-type
members [3]. The deformation-characterized interstorey
drift ratio or plastic rotation was used to define the
damage model by the study of Banon and Veneziano [4]
and Wang et al. [5]. The widely-known Park and Ang
damage model [6] was defined by both maximum dis-
placement and plastic energy of dissipation. The strains of
concrete and rebar were used to establish a procedure of
damage determination for member level by Sharifi et al.
[7]. Moreover, the bearing capacity of the M-N re-
lationship can be used to evaluate the damage of section
level [8], and the variations of the stiffness or intrinsic
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FiGgure 1: Illustration of multilevel damage definition.

period can be used to evaluate the damage of structure
level [9].

In the theory of engineering mechanics, the stiffness
means the deformation-resistant capacity, that is, the ratio
of force to deformation, for any structural level. Thus, the
stiffness could be an ideal damage indicator for the multi-
level damage assessment. In fact, the stiffness-based damage
index in a well-known concrete plastic-damage model [10]
has been widely used for the nonlinear numerical analysis
[11, 12]. It was proposed from the strain equivalent principle
[13] that the strain of damage material caused by nominal
stress is equal to the strain of undamaged material caused by
the effective stress. Furthermore, this stiffness-based damage
index using the integrating method with the weight co-
efficient (such as the lengths or important factors of the
damage zones) can be used to predict the damage perfor-
mance of the structure level [14-16].

In this paper, a deformation equivalent principle was
firstly proposed based on the strain equivalent principle.
Secondly, a generalized stiffness-based damage model was
presented for every structural level. Its arithmetic expression
in an integrating form and the correlation impact factor were
used to analyze the multilevel damage mechanism. As an
example, a shaking table seismic test of a single-span 12-
storey RC framed structure was analyzed by the proposed
method.

2. Multilevels for RC Framed Structure

Under earthquake seismic motion, the mechanical behavior-
like deformation capacity, bearing capacity of material,
member, or structure can be characterized at material level,
section level, member level, storey level, and structure level.
As shown in Figure 1, each structural level can be expressed
as the analysis object O;, in which the letter i means the
structural level. The values of i are 1, 2, 3, 4, and 5 for the
structure level, storey level, member level, section level,
and material level, respectively. An example for the mul-
tilevel definition is shown in Figure 1. In Figure I, the
subscript i of O;; denotes the structural level i and the
subscript k is the object number; that is, O;; means the
object k at level i, and O, means the object at structure level
(the global structure). The superscnpt “i,k” of O’J means it
is a part of O;; that is, O’ means the object [ at level j as
a part of O; . As shown i in Flgure 1, the global structure is
denoted as O, and storey 2 is denoted as O, ,. In storey
2 (O},), the columns 1, 2, 3, and 4 are denoted as 037, 033,
O%g, and 037, respectively, and the beams 1, 2, and 3 are
denoted as o§§, 03 and 032, respectlvely In column 1
(O31), section 1 can be written as Oy}. The material point k
of section 1 is denoted as O‘;}(

According to the definition, the affiliation framework
of the five structural levels is expressed in Figure 1. This
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FIGURE 2: Generalized force-deformation relationship [17].

affiliation framework shows the analysis object for each
structural level. It can be used to find which object is im-
portant for the structural mechanism. Moreover, the cor-
relations between different levels can be abstractly expressed
(Figure 1). It can represent the correlation between any two
different structural levels.

3. Deformation Equivalent Principle

In general, local damage in RC structures subjected to
a severe seismic motion is usually caused by the micro-
cracking and crushing of concrete, yielding of the steel
reinforcement, and bond deterioration of the steel-concrete
interfaces. The local damage on a cross section can be
adequately evaluated by the degradations of the sectional
bending stiffness and moment bearing capacity. The overall
combination of all local damages leads to the global
stiffness and strength deterioration of the structure.
Damage models are used to characterize the damage state
of the structure after an earthquake seismic motion and can
be used to assess the design aims or the postearthquake
bearing capacity. According to the principle of strain
equivalence, the damage at material level is defined by the
concept of effective stress. The effective stress o’ is the stress
applied on an element of undamaged material with the
same deformation of a damaged element subjected to the
current stress o.

Essentially, the strain equivalence assumption describes
the material stress-strain relation by introducing the damage
variable d. Considering this principle can be popularized to
any structural level, the definition is reasonably deduced as
follows: the effective force F' (Figure 2) applied to an ele-
ment of undamaged object (material, cross section, mem-
ber, storey, or structure level) will have same deformation
like a damaged element subjected to the current force F
(Figure 2).

4. Seismic Stiffness Damage Model

Therefore, a generalized force-deformation relation [17], as
shown in Figure 2, can be used to describe the behavior at
any structural levels. In Figure 2, point A represents the

initial damage state and curve 0AB represents the nonlinear
behavior caused by material damage.

In Figure 2, § is the generalized deformation for every
structural level, and §;, J,,, and §;, represent the de-
formation, elastic limit deformation, and ultimate de-
formation of level i, respectively; F is the generalized force
which corresponds to the generalized deformation 6, F;
represents the force for damaged configuration, F;, is the
elastic limit bearing capacity; K, K;, and K o are the initial
stiffness, secant stiffness, and equivalent stiffness, re-
spectively. The equivalent stiffness K., represents the
damage effect on stiffness of the undamaged configuration
and is expressed as

o 6;K; =Ky (1)
" 0;=0;,

Here, the point A in Figure 2 is assumed to represent
the initial damage state. Therefore, based on the deformation
equivalent principle, the generalized damage variable d; is

K,

dy=1-—2 2
i Ky (2)
Equation (2) is the generalized stiffness damage variable
which can reflect the stiffness degradation for every struc-
tural level. This model can also be formulated in the material
configuration for thermodynamically stable problems with
no temperature time variation. Thus, the mathematical form

for the free energy is assumed as [18, 19]

1
vs(eds) = (1 _ds)‘/’g(‘s) =(1 _ds)[zpofT%]

1
:(1—d5>[$8TE08], (3)
o
E eE—¢,E
d.=1-—3 F _=—"070
> E,” 4 £-¢g

where 5 and y? (i =5 for material level) are the free energy
of damaged material and undamaged material, respectively;
ds is the material stiffness damage variable; € and ¢, are the
strain tensor and elastic limit strain tensor of material, re-
spectively; g, is the stress tensor of undamaged material; p,, is
the material density; and E, is the initial elastic modulus, Eq
is the equivalent modulus, E is the secant stiffness. Specially,
it d5 =0, then y;(e,d; =0) means the strain energy of
undamaged material.

The potential energy Wf . of object O;; can be obtained
by integrating v with mass through the volume of O;; and
expressed as

Wi [ = [ (- dv = (-,
ik :

| (@)

where Wf ,;0 is the potential energy of undamaged object O;
and W0 - I Wopo AV- Thus, the stiffness damage d;; of
ik Vik 0ro N

O;}. can be calculated from (4) and expressed as
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where Z’ek means the summation for all elements of object
O; - Equation (5) shows that the stiffness damage d, . for any
structural level i can be calculated by the material damage d.

If the damage d;; and the free energy 1// , of ob]ect O’k

are known, it has the relationships of Z]l‘lls ‘V g and

&
me]l = Z;
obtained by substituting these two above relationships into
(5), and the resulting expression is as follows:

2. The damage d;; of object O; ;. (j > i) can be

Ymdj 1//?,1

> 6
Zm ‘/’?,l ( )

ik =

where ), means the summation for total parts of O, ; and m
is the part number of O;;. Equation (6) shows that the
damage d; can also be obtained by the summation of d;
with the weighted coefficient 1// "

Therefore, an impact factor y k is proposed here to

calculate the damage effect from O%* 1 10 Oy Based on (6), its
expression is

0
il _ dj v, )
ok Zmdj,Ile

where 0 < y X ' <1, and the higher value of y k means higher
damage effect from O 110 Oy

5. Test Model and Numerical Simulation

A shaking table test of a 12-storey RC frame model (Fig-
ure 3) of the State Key Laboratory of Disaster Reduction in
Civil Engineering in Tongji University [20] was used to
verify the proposed analysis method of the damage cor-
relations of different structural levels. The ABAQUS
computer program [21] was used to perform numerical
simulation of the test model which was subjected by the
earthquake seismic motions. In the finite element model,
the material behavior of concrete was described by the
concrete plastic-damage model presented by Lubliner et al.
[10], which can calculate the compression and tensile
damage of concrete. The concrete was modeled by C3D8R
elements which are 8-node linear brick elements with
reduced integration and hourglass control. The material
behavior of the steel reinforcement was described by an
elastoplastic model with 1% strain hardening. The steel
reinforcements were modeled by the T3D2 elements which
are 2-node linear displacement truss elements and em-
bedded in the concrete elements.

Advances in Materials Science and Engineering

The 12-storey model frame structure has one single bay
in the X- or Y-direction, a total height of 3.6 m and a storey
height of 0.3 m. The plan and elevation views of the structure
are shown in Figure 3. The compressive strength of concrete
is from 5.74 MPa to 8.20 MPa. The cross-sectional size of
all columns and beams are 50 x 60 mm and 30 x 60 mm,
respectively. Reinforcement layouts are identical in all beams
and columns. The yield strength and ultimate strength of
rebar number 1 (nominal diameter is 2.11 mm) are 390 MPa
and 560 MPa, respectively. The yield strength and ultimate
strength of rebar number 2 (nominal diameter is 0.9 mm) are
327MPa and 397 MPa, respectively. The average elastic
modulus of concrete is 7.75 x 10° MPa.

Four earthquake seismic motions were used as the test
loading input: (1) El-Centro waves, (2) Kobe waves, (3)
Shanghai artificial waves, and (4) Shanghai bedrock waves.
The range of the input peak acceleration was 0.090-0.904 g.
The standard storey and top storey were subjected by ad-
ditional masses of 19.4kg and 19.7 kg, respectively. Totally
54 loading cases were calculated and compared with the test
results.

In loading case number 53, the values of input peak
ground acceleration in X-, Y-, and Z-direction were 0.904 g,
0.769g, and 0.452¢g of EI-Centro waves, respectively. In
loading case number 53, vertical cracks occurred at the
ends of beams from storey 2 to 8. The damages from storey
3 to 8 were most serious, where the maximum width of
cracks was about 4 mm and plastic hinges appeared at the
ends of beams. There was almost no damage from storey 11
to 12.

As shown in Figure 4, the calculated acceleration re-
sponses of A2, AY2, A7, and AY7 of loading case number 53
were compared with the test results. The acceleration re-
sponses of A2 and A7 were along the X-direction, and the
responses of AY2 and AY7 were along the Y-direction. The
calculated results agreed well with the test results. It shows
that the numerical model can depict the nonlinear seismic
responses of the test model with well accuracy. The multi-
level damage evolutions of the test model can be analyzed
based on the numerical responses. In the following, the
loading case number 53 was used to be analyzed with the
proposed method.

6. Multilevel Damage Analysis

6.1. Structure Level and Storey Level. The structural final
damage state of loading cases number 53 is shown in Figure 5(a).
The abbreviation PEEQT stands for the equivalent plastic
tensile strain which reflects the onset of cracks. According to (6),
the stiffness damage evolutions can be calculated for each
structural level. Thus, the calculated stiffness damage evolu-
tions of the global structure and each storey (from storeys F2
to F12 in Figure 3) are shown in Figure 5(b). The letter F
followed by the number 1 to 12, denotes the floor or storey.
The damage of storey F1 was close to zero, so it was not shown
in Figure 5(b).

In Figure 5, the calculated damages from storeys F3 to F8
were the most serious with the maximum damage value of
0.8. The damage evolution curves show that damages at
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FIGURE 3: Geometrical details of the 12-storey RC frame test model [20]. (a) Elevation and acceleration sensor placement. (b) Structure plan.

(c) Beam cross section. (d) Column cross section.

storeys F2 to F8 occurred almost at the same time. The
calculated maximum damage of storey F2 was 0.5. The
maximum damage value of the global structure was 0.7.
Compared with the test damage states (Figure 5(a)), it shows
that the calculated results were in good agreement with the
test responses. Moreover, Figure 5(b) reflects the damage
mechanism at storey level and structure level. The analysis
results indicate that the structure level damage was mainly
due to the damages of storeys F5 to F7.

6.2. Member Level, Section Level, and Material Level. The
columns Z1 to Z12 (Z means column) and beams B1 to B12 (B
means beam) were analyzed for the member level. In Figure 6,
if the damage value was close to zero, it will not be shown.

As shown in Figure 6(a), the onset of damage of columns
Z2 and Z8 and beams from L2 to L8 started at the same time,
that is, about 0.25s. The damage evolutions of beams from
L3 to L7 developed faster than other members. At storey F2,
the damage evolution of column Z2 developed faster than
beam L2. At storey F8, the damage evolution of column Z8
developed faster than beam LS.

The maximum damage values of columns Z2 and Z8
were 0.6 and 0.8, respectively. The maximum damage values
of column Z2 and beams L3 to L7 were about 0.8. The
maximum damage value of beam L8 was about 0.65. The
maximum damage values of column Z2 and beam L2 were
about 0.5.

According to Figure 6(a), the damages of storeys from F3
to F7 were mainly due to the beams, the damage of storey F8
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Ficure 4: Comparisons of calculated and tests responses [20]. (a) Case 53: A2 acceleration comparison. (b) Case 53: AY2 acceleration
comparison. (c) Case 53: A7 acceleration comparison. (d) Case 53: AY7 acceleration comparison.

was mainly due to the columns, and the damage of storey F2
was due to both columns and beams. Based on this analysis,
only the sections of columns Z5 to Z7 and beams L5 to L7 were
necessary to be analyzed for the section level (Figure 6(b)). In
Figure 6(b), the letters ¢ and b mean the sections of column
and beam, respectively.

Based on the comparison of Figures 5 and 6, it can be
found that the damage of section level, member level, storey
level, and structure level almost began at the same time
(about 0.25s). The maximum damage values of sections ¢5,
¢6, and c7 were small (about 0.3) which corresponded to the
damage values of columns Z5, Z6, and Z7. The maximum
damage values of sections b5, b6, and b7 were large (about
0.9) which corresponded to the damage values of beams L5,
L6, and L7. Therefore, it means that the damages from storey
F5 to F7 were mainly caused by the bending-type failures of
beams.

Thus, only the material points mb5 to mb7 of beam
sections L5 to L7 were necessary to be analyzed for material
level (Figure 6(c)). It can be found that the damage of
material level began at the same time with the other
structural levels. However, the damages of mb5 and mbé6
reached to their peak values earlier than mb7. The damage
evolutions of material agreed with the responses of beams L5
and L6.

7. Damage Correlation Analysis

Although the multilevel damage analysis can respect the
structural damage mechanism for different structural
levels, it still cannot provide quantitative values to de-
scribe the correlations between different structural levels.

In this section, the damage correlations were analyzed to
explore the inherent nonlinear behavior of the struc-
ture and to help designing a new structure. As men-
tioned above in Section 4, the presented impact factor yf,i
of (7) was used here to reflect the damage correlations
quantitatively.

Firstly, the damage effect from storey level to structure
level was analyzed (Figure 7(a)). It shows that the impact
factor curves of sotreys F4, F5, and F6 started to increase at
about 0.25s and quickly reached to the peak values of 0.39,
0.28, and 0.18, respectively, at about 0.5 s. Then, the impact
factor curves of F4, F5, and F6 began to decrease and finally
reached to the minimum value of 0.11, and meanwhile the
structure reached to its maximum value. The impact factor
curves of storeys F2, F3, F7, and F8 also started to increase at
0.25 s and reached to the maximum values of 0.19, 0.15, 0.12,
and 0.19, respectively, while then began to decrease, and
meanwhile the structure reached to the maximum value. It
can be seen from the above results that the structure damage
was caused by the storeys F4, F5, and F6 in the beginning and
then caused by the storeys F2, F3, F7, and F8. Comparatively,
the damage effect from storeys F5 and F6 was the most
serious for the global structure. Thus, the damage effect from
beam L5 and column Z5 to the storey F5 (Figure 8) was
analyzed in the following (Figure 7(b)).

In Figure 7(b), the impact factor values of column Z5
were very close to zero. It indicates that column Z5 did not
affect storey F5. While the impact factor curve of beam L5
started to increase at 0.25s and reached to the maximum
value of 0.25, and meanwhile, the storey F5 reached to about
half of its maximum value. It indicates that the damage of
storey F5 was mainly caused by the beams.
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Furthermore, the damage effect from two cross sections
(one is at the beam end and another is at the middle span in
Figure 8) and one diagonal section (near the beam end in
Figure 8) to beam L5 was analyzed as follows (Figure 7(c)).

It can be found that the impact factor values of sections
b5-2 and b5-3 were close to zero while the maximum value
of section b5-1 was 0.66. That means the damage of beam
L5 was mainly caused by the cross-sectional damage at its
end which was the bending-type failure. Thus, three ma-
terial fibers (Figure 8) were analyzed to reflect the damage
effect from material points to the cross section b5-1. Here,
each fiber, including three element nodes, was used as the
representative for the material level. The impact factor
curves of fiber 2 and fiber 3 were very close, and their values
were larger than the value of fiber 1. The impact factor
maximum values of fiber 2 and fiber 3 were about three
times of fiber 1. It indicates that the damage effect of the
bottom fibers was more serious than the fibers at the top of
the section.
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FIGURE 6: Damage evolutions for (a) member level, (b) section
level, and (c) material level.

Based on the above analysis, the failure of this 12-
storey-framed structure model (noted as object O') was the
plastic hinge failure mode of beams. The seriously damaged
storeys were F5, F6, and F7 in which the damage effect from
F5 (noted as O, ;) was the most serious. The damage of F5
was mainly due to the damage of beams which was mainly
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caused by the cross-sectional damage at the ends of the
beam.

The impact factor values are listed in Table 1. It repre-
sents qualitatively the damage effect between different
structural levels. It shows the damage effect degree of the
level i comes from another level j. For example, about 12%

damage of the global structure was caused by the storey F5,
and about 25% damage of storey F5 was caused by beam L5.
Only 3% damage of the global structure was caused by beam
L5, and only 1.7% damage of the global structure was caused
by the section L5-1. It can be seen that the damage mech-
anism of the structure can be described very clearly in
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TaBLE 1: Damage correlations between different structural levels at
limit state.

Story Beam  Section  Fiber
Structural level  Structure E5 L5 L5-1 3
Stiffness damage ~ 0.769 0.896 0.882 0951  0.951
Y — 0120 0249 0554 0425
yil — 0.120  0.030 0.017 0.007

a quantitative way. Obviously, this analysis method is very
helpful to design a new structure.

8. Conclusions

In order to explore the multilevel damage mechanism of the
RC framed structure, five structural levels (structure level,
storey level, member level, section level, and material level)
were proposed as the multilevel analysis objects. Based on
the generalized deformation equivalent principle, a gener-
alized stiffness damage model is proposed for every struc-
tural level. The stiffness damage for each structural level can
be calculated by integrating material stiffness damage.
Furthermore, an impact factor was proposed to reflect
quantitatively the damage correlations between different
levels. As an example, a single-span 12-storey RC framed
model was analyzed using this method. The results show that
the multilevel damage analysis method can evaluate accu-
rately the damage correlations between different levels. It
should be very useful for the damage assessment and design
of structures.
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The use of a mixing method based on a novel dry dispersion procedure that enables a proper mixing of simultaneous nanometric
functional additions while avoiding the health risks derived from the exposure to nanoparticles is reported and compared with
a common manual mixing in this work. Such a dry dispersion method allows a greater workability by avoiding problems associated
with the dispersion of the particles. The two mixing methods have been used to prepare Portland cement CEM I 52.5R pastes with
additions of nano-ZnO with bactericide properties and micro- or nanopozzolanic SiO,. The hydration process performed by both
mixing methods is compared in order to determine the efficiency of using the method. The hydration analysis of these cement pastes is
carried out at different ages (from one to twenty-eight days) by means of differential thermal analysis and thermogravimetry (DTA-
TG), X-ray diffraction (XRD), scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) analyses.
Regardless of composition, all the mixtures of cement pastes obtained by the novel dispersion method showed a higher retardation of
cement hydration at intermediate ages which did not occur at higher ages. In agreement with the resulting hydration behaviour, the use
of this new dispersion method makes it possible to prepare homogeneous cement pastes with simultaneous functional nanoparticles
which are physically supported on the larger particles of cement, avoiding exposure to the nanoparticles and therefore minimizing
health risks. Manual mixing of cement-based materials with simultaneous nanometric functional nanoparticles on a large scale would
make it difficult to obtain a homogenous material together with the health risks derived from the handling of nanoparticles.

applied to cement-based materials has been growing since
the use of additions of nanometric size significantly increases
the effects on their mechanical and functional properties,
and the combination of several additions might be very
promising (Sikora et al. [4], Ledn et al. [8], and Mohseni et al.

1. Introduction

Cement is the most used binder material in construction and
building, with it mainly being a fundamental component of
mortar and concrete. The microstructure and functional

behaviour of cement-based materials strongly depend on the
chemical composition and additions, water-cement ratio,
and rate of hydration. The incorporation of additions to
modify and improve its fresh properties and its physical,
mechanical, and durability properties, as well as to obtain
new functional properties such as photocatalysis [1, 2],
antibacterial effects (Sikora et al. [3, 4]), hydrophobicity
(Tittarelli [5] and Nunes and Slizkova [6]), and fungicide
effects (De Muynck et al. [7]) among others is currently an
important research topic. In recent years, nanotechnology

[9]). However, the simultaneous addition of several func-
tional nanoparticles simultaneously is an even greater
challenge due to their tendency to agglomeration and by the
risk to health during its manipulation (Vishwakarma et al.
[10], Albrecht et al. [11], and Mueller and Nowack [12]).
In the case of the addition of silica, the pozzolanic ac-
tivity and filling capacity are the two main characteristics
that significantly influence the cement-based material
properties (Haruehansapong et al. [13], Senft et al. [14], and
Lu and Poon [15]). Pozzolanic materials provide an increase
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in the amount of calcium-silicate-hydrate (CSH) gels, as well
as a denser and more discontinuous and tortuous micro-
structure via pozzolanic reactions. As a result, an im-
provement of the mechanical and durable properties of the
cement-based materials occurs (Massana et al. [16] and
Ramezanianpour and Moeini [17]). A significant factor is the
distribution particle size of silica, related with the specific
surface. Silica fume is a by-product and generally shows
a wide particle size range from submicronic particles to a few
tens of microns. In contrast, in the case of nanosilica, the
particle size is lesser. Smaller sized particles provide nu-
cleating sites to hydration products since the high surface
area, particularly in the case of nanosilica, allows the for-
mation of calcium-silicate-hydrate (CSH) gel seeds on its
surface formed by an early pozzolanic reaction that accel-
erate silicate hydration (Cheng-yi and Feldman [18], Larbi
et al. [19], Thomas et al. [20], and Land and Stephan [21]).
The surface area of silica becomes higher so does the ac-
celeration of hydration (Land and Stephan [21]).

Zinc oxide, ZnO, can present three crystalline structures,
with the most stable being the hexagonal structure, wurtzite.
ZnO is an n-type semiconductor with a band gap of 3.2 eV at
room temperature RT. ZnO is produced directly by oxi-
dizing zinc metal, a reduction of an ore to zinc metal fol-
lowed by re-oxidation and to a lesser extent, by precipitation
of oxide or carbonate from aqueous solution and a final
thermal treatment (Moezzi et al. [22]). This oxide has a large
number of applications, with a vulcanization activator in the
rubber industry being the main function. ZnO is a highly
important raw material in ceramics (glazes and enamels in
tiles and sanitary ware), in electroceramics such as over-
voltage protection devices (varistors) (Sendi [23] and Xu
[24]), and in optoelectronics (Kahouli et al. [25], Hussein
et al. [26], and Torchynska et al. [27]). It is currently being
researched as a photocatalyst and novel antifungal pre-
cursor. The morphology of the ZnO particles mainly de-
pends on the synthesis techniques, precursors, process
conditions, and pH (Moezzi et al. [22]).

According to Klingshirn, the use of ZnO particles in
concrete increases the setting time and, therefore, the
workability for early ages, and provides an improvement in
its resistance against water (Klingshirn [28]). The main
effects of zinc oxide additions to the Portland cement have
been known for some time: retardation of setting and
hardening (reducing the rate of heat evolution) leads to an
improvement in whiteness and final strength (Ramachan-
dran [29]). Recently, authors such as Nivethitha et al. have
suggested that the addition of nano-ZnO particles may also
improve the mechanical properties of ordinary Portland
cement mortar (Nivethitha and Dharmar [30]).

Several authors have studied the influence of ZnO on the
hydration of the Portland cement. Arliguie showed that the
delay in hydration is due to the precipitation of an amor-
phous Zn(OH), layer around the anhydrous CsS grains
which inhibits cement dissolution (Arliguie and Grandet
[31]). The hydration of C;A in the presence of ZnO occurs
too, when there is a significant presence of SO;. When the
pore concentration of Ca** and OH is enough, the hy-
dration reaction starts again and the amorphous Zn(OH),
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layer transforms into crystalline calcium zinc hydroxide
CaZn,(OH)s2H,O (CZ) (Arliguie and Grandet [31]).
Yousuf et al. identified a calcium zinc hydroxide crystalline
phase by means of Fourier transform infrared spectroscopy
(FTIR) in paste samples with ZnO cured for 28 days (Yousuf
et al. [32]). Some authors corroborate the formation of this
calcium hydroxyzincate dihydrate CaZn,(OH)42H,O (CZ),
suggesting that the formation of this phase controls Zn
solubility in cementitious materials (Cocke et al. [33]).
Johnson and Kersten showed that solid solution is a possible
binding mechanism for Zn(II) in the CSH gel, indicating
that at least 10% of Zn may be incorporated in the CSH
structure (Johnson and Kersten [34]). In such a way, Lieber
and Gebauer confirmed the formation of crystalline calcium
hydroxyzincate during the retardation period as an in-
termediate product (though after some days of reaction, it is
no longer detectable) (Lieber and Gebauer [35]). In a recent
study, Ataie et al. [36] in contrast with Arliguie, indicated
that the mechanism by which ZnO retards hydration re-
action could be nucleation and/or growth poisoning of CSH
and suggested that ZnO does not inhibit cement dissolution.
Ataie showed that ZnO strongly delays the cement hydration
and the retardation increases as the ZnO quantity in the
cement rises, so the amount of ZnO added is directly cor-
related with such an increase in the retardation period. Zn
ions hinder nucleation and growth of hydrated products
poisoning the hydration product nuclei. When there are not
enough dissolved Zn ions, retardation ends and a greater
acceleration of hydration occurs. In the same sense, various
authors suggest that the CSH gel is the most probable site for
metal fixation in cement and Zn>* is incorporated in the
interlayer CSH (Stumm et al. [37], Ouki and Hills [38],
Ziegler et al. [39], and Ziegler and Johnson [40]).

Therefore,  calcium  hydroxyzincate  dihydrate
CaZn,(OH)e-2H,0 (CZ) has an important influence in the
retardation of the Portland cement hydration (Arliguie and
Grandet [31]) and in the prevention from corrosion of the
galvanized steel in concrete when this hydroxyzincate phase
forms a coating on the rebars (Tittarelli and Bellezze [41]).
Protection against corrosion is due to the formation of
a compact and protective layer of this phase at high pH
values between 12.2 and 13.3.

ZnO and compounds such as CaZn,(OH)42H,0 are
being researched as antifungal, bactericide, and photo-
catalyst materials (Xie et al. [42], Sirelkhatim et al. [43],
Madhusudhana et al. [44], Gomez-Ortiz et al. [45], and
Hernandez Sierra et al. [46]). Gomez-Ortiz et al. used CZ as
the antifungal precursor of protective coatings for marble
and limestone (Gomez-Ortiz et al. [45]). A drawback when
using both ZnO and SiO, nanoparticles as an addition in the
Portland cement may involve the requirement of a greater
amount of mixing water due to a greater amount of fines,
which increases the water-cement ratio. The use of super-
plasticizers is common in order to improve the workability.

Nanoparticles, due to their high specific surface area, have
a high tendency to form agglomerates. Such agglomeration
drastically reduces the effectiveness and modifies the prop-
erties regarding the dispersed state of nanoparticles avoiding
obtaining homogeneous mixtures. Therefore, agglomeration
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should be avoided in order to achieve homogeneous ad-
mixtures using a low amount of nanoparticles and minimizing
the health risks derived from its management. The difficulty in
avoiding the agglomeration of functional nanoparticles and
the difficulty in obtaining a material with high homogeneity
increase in manual mixing when trying to introduce several
additions simultaneously in cement pastes. Manual mixing to
achieve homogeneous admixtures implies an increase in ex-
posure time to nanoparticles and therefore an increase in
health risks.

Nanotechnology is increasingly used in production
processes. Currently, it is difficult to determine the risks to
health and the environment during handling in the prep-
aration of composites. Because of this, it is infeasible to
prepare cement-based materials with functional nano-
additions (silica, zinc oxide, and titania, among others) at an
industrial level by a manual mixing method to achieve
a homogeneous dispersion of functional nanoparticles,
given that they have a high health risk due to a small particle
size. Therefore, in order to minimize health risks derived
from the use of nanoparticles, it is necessary to minimize
exposure time and handling. The patented low-energy dry
dispersion method (Fernandez Lozano et al. [47]) allows the
nanoparticles to be incorporated in an effective way, by
simplifying the steps, avoiding exposure, and handling
nanoparticles, as the dispersion of the nanoparticles takes
place on dry larger particles (cement particles). These
nanoparticles are supported on the cement particles by
cohesive forces, thus avoiding or decreasing spreading. A
consistent powder with a particle distribution consisting of
nanoparticles dispersed and anchored by short-range forces
on particles of different morphologies is obtained. Such
short-range forces avoid the presence of free nanoparticles
when the composite powder is handled or used, decreasing
the health risk. This process is in the absence of solvents (dry
process) and does not require high shear rates. Imple-
mentation of such a process would be viable at an industrial
level in a cement production plant.

The object of this study, therefore, is to assess the fea-
sibility of preparing homogeneous functional cement-based
powders with simultaneous functional nanoadditions (SiO,
and ZnO) by means of an easy-to-use dry dispersion method
minimizing health risks and avoiding exposure to nano-
particles during the preparation of cement pastes.

2. Materials and Methods

2.1. Materials. The cement paste is a 52.5R Type I commercial
Portland cement with a particle size ds, of 6.3 ym and specific
surface of 1.45m?/g. The nanometric ZnO was obtained as
a product of hydrozincite (Zn;(CO3),(OH)s) calcination at
500°C for five minutes in air. The XRD characterization in-
dicates that the phase matches the hexagonal wurtzite
structure ZnO (JCPDS card number 36-1451), without peaks,
of other phases. The nanometric ZnO shows a specific surface
area of 18.59m*/g determined by the Brunauer-Emmett-
Teller (BET) method and a monomodal distribution with an
average particle size of 53 nm from field emission scanning
electron microscopy FE-SEM micrographs. The micrometric

SiO, (MS) used is silica fume produced in the manufacturing
of ferro-silicon alloy. It is noncrystalline silica with wide
distribution particle sizes with a ds of 45.2 ym and a specific
surface area of 28.52 m?/g. Microsilica contains 91 wt.% of
SiO, and 5.3 wt.% of Fe,Os.

The nanometric SiO, (NS) Sipernat® 22S from Evonik
Industries [48] is manufactured hydrophilic silica in a lig-
uid-phase precipitation process that obtains aggregates with
a micrometer size of 14ym composed of tiny primary
particles (5-100 nm). The advantages of using Sipernat 22S
involve an amorphous structure and a high surface area of
180 m®/g. Sipernat 22S increases the early strength and
consistency of concrete, reduces bleeding and segregation in
self-compacting concrete, and has a hydrophobic effect that
improves the water resistance of concrete (Aerosil, Aeroxide,
and Sipernat products, Evonik Industries, Technical In-
formation). Due to the difference between the specific
surface area of microsilica (MS) and nanosilica (NS), the
pozzolanic reactivity of nanosilica Sipernat is much higher.
Both have an acidic character.

2.2. Sample Preparation. Three cement paste mixtures were
studied, including 52.5R Type I Portland cement and dif-
ferent combinations of additions of nano-ZnO (NZ),
nanosilica, and microsilica as a substitute of anhydrous
cement: one with 2 wt.% of nano-ZnO (NZ), another with
2 wt.% of nano-ZnO (NZ) and 10 wt.% of nanosilica (NS),
and the last one with 2 wt.% nano-ZnO (NZ) and 10 wt.% of
microsilica (MS). The mixtures were prepared by two mixing
methods. A first mixing method involved a common manual
mixing. The other mixing method used was the dispersion of
the different functional particles (nano-ZnO, microsilica,
and nanosilica) over the 52.5R Type I Portland cement
particles, using the aforementioned low-energy dry dis-
persion (low shear rate) novel method (Fernandez Lozano
et al. [47]). In this method of dry dispersion, the cement
particles as the different additions were dried and then
mixed in a Turbula-type shaker with 15 mm diameter alu-
mina balls (Lorite et al. [49] and Alonso-Dominguez et al.
[50]). The water-cement ratio was fixed at 0.35 for the ad-
mixtures except for that which had 2 wt.% nano-ZnO (NZ)
+ 10 wt.% nanosilica with a ratio fixed at 0.6 since nanosilica
has a high specific surface and demands more water to
obtain complete hydration of the mixture.

In order to obtain good rheological properties such as
flowability but without segregation, a policarboxilate-based
superplasticizer (Sika ViscoCrete® 5720) was used. The
superplasticizer quantities depend on the wt.% of cement
replaced, as well as the morphological characteristic of the
functional particles. Ghafari et al. pointed out that cement
paste composites containing 0.4 wt.% ZnO nanoparticles
(specific surface area of 54 + 20 m2/g) or lower showed ex-
cellent workability retention compared to the reference mix
and a poor workability retention was observed at higher
dosage (Ghafari et al. [51]). Once the dosages have been
prepared by both mixing methods, they are placed in a rotary
mixer that contains the required water and the super-
plasticizer (following with a low-speed knead for 90 seconds).



Temperature (°C)
200 400 600 800 1000

(a) 1 1 ; 1 1 1
0.0

-0.1

-0.2

-0.3

~04 1 3 days

(®)

|
. .
— (=}
1 1

DTG (mg/min)
s
(3]

| |

. o

IS w
1 1

7 days

0.0

-0.1

-0.2

-0.3

-0.4 1 28 days
T T T T T
200 400 600 800 1000
Temperature (°C)
—— 2% NZ manual
—— 2% NZ dispersion
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nanozinc (NZ) for (a) 3, (b) 7, and (c) 28 days.

After 30 seconds of rest, the mixture was mixed again for 90
seconds at a low speed. After mixing, the cement pastes were
shaped as a prismatic bar in molds and covered with a plastic
bag and placed in a curing chamber with the temperature and
humidity controlled (20 + 2°C and >95%, resp.). As zinc oxide
is a cement hydration retarder, samples were demolded after
72 hours and cured in water inside the chamber. In order to
stop the hydration of the samples at the ages analyzed, the
cement paste was placed in vacuum for 30 minutes and then
in acetone for two hours, following 24 hours in a stove at 60°C.
The sample was stored in a stove at 40°C until its structural
and microstructural characterization had been obtained.
Cement pastes were cured for one, two, three, seven, and
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twenty-eight days in water and characterized by means of
DTA-TG, SEM, FTIR, and XRD.

2.3. Characterization of Cement Pastes with Additions. The
differential thermal analysis and thermogravimetry (DTA-
TG) of the cement pastes were performed by using LABSYS
evo equipment provided by SETARAM Instrumentation, in
the range of 25°C to 1100°C with a heating rate of 10°/min in
N, atmosphere in alumina crucibles. The cement pastes were
microstructurally characterized by scanning electron mi-
croscopy (SEM) with a JEOL JSM 6335F microscope, and the
energy dispersive spectroscopy (EDS) analysis was carried
out with a detector provided by Oxford Instruments, the
X-Max" of 80 mm* with a resolution between 127 eV and
5.9KeV. In addition, X-ray diffraction (XRD) was carried
out by means of a powder diffractometer Bruker D8 AD-
VANCE with Cu Ka radiation, with a high-speed detector
(Lynxeye). The identification of the crystalline phases was
done by comparison with the Joint Committee on Powder
Diffraction Standards (JCPDS) guidelines. FTIR analysis of
the cement pastes shaped in the KBr pellet method was
performed by a PerkinElmer Spectrum 100 spectropho-

tometer from 400 to 4000 cm ™.

3. Results and Discussion

The thermogravimetric derivative (DTG) versus temperature
plot represents the mass change rate with temperature (T°)
and allows a better resolution of the complex thermogravi-
metric curves. By quantifying the water related with the CSH
gel and the portlandite phase (CH), it is possible to analyze the
hydration grade. The DTG versus T° plot of cement pastes
shows the following characteristic bands: first, the free water
loss occurs approximately at 100°C, then the interlayer water
loss occurs at around 120°C, and finally, from 140°C until
430°C, the water of gel (water combined in the CSH gel, T1)
loss occurs. The portlandite content is related with the water
weight loss that takes place in the temperature range between
430°C and 515°C (labeled as T2). Due to the possible por-
tlandite carbonation, it is necessary to adjust the portlandite
quantity and include it in the temperature range where the
carbonate loss takes place (515°C-1100°C). Villain et al. [52]
indicated that the calcium carbonate (CaCO;) ensuing of the
CSH carbonation dissociates in a lower temperature range
than the CaCOj; ensuing of the portlandite carbonation
allowing it to differentiate both carbonations thermally. The
authors consider that the water contained in the carbonates is
40 wt.% of the total weight loss in this temperature range. The
40 wt.% weight loss in this temperature range (515°C-1100"C)
will be termed T3.

Figures 1(a)-1(c) and Table 1 show the plot of DTG
versus temperature, such as mass losses in the temperature
ranges previously examined (T1, T2, and T3, resp.) for
cement pastes with a substitution of 2 wt.% of nano-ZnO
(NZ), obtained by both mixing methods at cured ages of
three, seven, and twenty-eight days, in comparison with
a cement paste without addition as reference. In the DTG
plot of three-day samples (Figure 1(a)), there appear peaks
corresponding to weight loss of water consequence of
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TaBLE 1: Water losses associated with different phases in cement pastes with 2 wt.% of nanozinc (NZ).
0,
2% NZ manual mixing 2% NZ.IOW s.h car rate 52.5R
dispersion

3d 7d 28d 3d 7d 28d 3d 7d 28d
T1 (140°C-430°C) wt.% 2.0 7.3 9.2 1.5 4.6 8.6 6.6 7.0 7.8
T2 (430°C-515°C) wt.% 0.3 2.7 3.5 0.2 1.4 3.2 3.4 3.5 3.5
T3 (515°C-1100°C) wt.% 1.3 3.0 2.7 1.2 2.9 1.8 2.6 2.8 2.6
Total combined water (T1+T2+ T3) wt.% 3.6 13.0 15.4 2.9 8.9 13.6 12.6 13.3 13.9
Equivalent calcium (T2 +T3) wt.% 1.6 5.7 6.2 14 43 5.0 6.0 6.3 6.1
CSH gel (T1) wt.%/total portlandite (T2 + T3) wt.% 1.25 1.28 1.48 1.07 1.07 1.72 1.10 1.11 1.28

hydration of tricalcium aluminates C;A (170°C and 265°C)
corresponding to the initial formation of hexagonal phases.
Subsequently, these will be converted to a C;AH¢ cubic phase
according to the literature and weight loss of carbonates as
consequence carbonation of the samples (Ramachandran
et al. [53]). The DTG of hydrated calcium hydroxyzincate
(CaZny(OH)4-2H,0) synthesized (Mellado et al. [54]) shows
three peaks, the first two overlapped in a temperature range
between 140°C and 220°C corresponding to the two first
stages’ decomposition of CaZn,(OH)s2H,O. At the lowest
temperature, the dehydration of CaZn,(OH)s2H,O takes
place, and between 160°C and 220°C in the DTG, a wide peak
appears corresponding to the decomposition of CaZn,(OH)s
in ZnO and Ca(OH),. Finally, at temperature around 500°C,
the Ca(OH), decomposition takes place. In Portland cement
samples with 0.1% of Zn(II), Mellado et al. indicated the
presence of two peaks in DTG at 180 and between 270°C and
290°C corresponding to the decomposition of hydrated cal-
cium hydroxyzincate CaZn,(OH)s2H,0 and hydrozincite
Zn5(CO3),(OH)g, respectively.

In Figures 1(a)-1(c), two peaks appear before 200°C and
300°C, respectively, that could correspond to the decomposition
of hydrated calcium hydroxyzincate (CaZn,(OH)s2H,0) and
hydrozincite according to Mellado et al. [54]. In Figure 1(a),
these peaks can appear overlapping with the hydration of
tricalcium aluminates and therefore have a greater intensity.

Figure 1(a) and Table 1 data indicate that the hydration of
calcium silicates has not taken place at this age, confirming the
hydration retarder behaviour of ZnO on cement pastes in
agreement with Mellado et al. that confirmed the absence of
portlandite decomposition in cement pastes containing 1% of
Zn(IT) at 3 days due to the delay in the setting of the cement.
Pastes at seven days show that hydration is taking place
according to Figure 1(b) and Table 1 to a greater extent for
cement paste prepared by a manual mixing method since the
water of the CSH gel combined with portlandite for manual
mixing cement pastes is higher than that obtained by the low
shear dispersion method. For 28 days (Figure 1(c)), the hy-
dration process for cement pastes obtained by both mixing
methods is very similar. Only small differences can be ob-
served in regard to the total combined water, in particular,
due to the water contained in carbonates (Table 1, T3).
According to Villain et al. [52], calcium carbonate CaCOj;
ensuing form the degradation of the CSH gel gives place to
vaterite and/or aragonite whose dissociation takes place be-
tween 650°C and 800°C and CaCO; calcite ensuing from
portlandite Ca(OH), carbonation dissociated between 850°C

and 1000°C according to Figures 1(a)-1(c). For 28 days, the
water loss combined with portlandite indicates that about
24% of total loss is due to the portlandite, with the portlandite
content for samples obtained by both mixing methods being
about 14 wt.%. The CSH gel-portlandite ratio is higher for
samples with nanozinc oxide than for the reference cement
paste at 28 days for both experimental methods of obtaining
the cement pastes. This result is a consequence of a higher
content of water (higher combined water) in the gel (T1),
though this does not mean that there is more CSH gel since
the portlandite content (equivalent calcium) for all the
samples with and without nano-ZnO is similar. This higher
water content for samples with nano-ZnO could be due to the
water bound to zinc in the calcium hydroxyzincate, given that,
in these samples, there is no silica and the pozzolanic reaction
cannot take place to form a secondary CSH gel. The hydration
process in the first ages is different for each cement paste with
nanozinc oxide depending on its mixing method, although in
both cases hydration is later, with it being higher for cement
pastes obtained at low shear rate dispersion. ZnO is not
involved in the hydration process in cement pastes prepared
by this method in the first ages, and the water bonded is lower
than that in pastes prepared by manual mixing. For 28 days,
hydration is similar for cement pastes obtained by both
mixing methods. Cement pastes obtained by the novel dis-
persion method show a higher CSH gel-to-portlandite ratio
than the manual mixing ones, indicating a higher Ca/Si ratio
and denser CSH gels.

The Ca/Siratio in a CSH gel of cement pastes obtained by
both mixing methods was determined by SEM-EDX analysis
at a different point of the surface of each sample at the age of
28 days. The Ca/Si ratio for both mixing methods was
similar, with the values of 2.44 and 2.52 for manual and
dispersing methods, respectively. These Ca/Si ratios are
slightly higher than those for 52.5R cement pastes with
a Ca/Si ratio of 2.28. Accordingly, the ZnO addition in-
creases the Ca/Si ratio in the CSH gel.

FTIR analysis for cement pastes with nano-ZnO addi-
tions (Figure 2) is in agreement with the DTA-TG char-
acterization. At three days, the hydration of calcium silicates
has not started, and only the hydration of the calcium
aluminates can be observed in the cement pastes and the
mixing methods studied. FTIR analysis identified alite (A) as
unhydrated cement particles and an ettringite (E) phase, as
a consequence of calcium aluminate hydration. The car-
bonate peaks as a consequence of paste carbonation and
peaks corresponding to bending water or in capillaries are
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FIGURE 2: FTIR analysis for cement paste with 2 wt.% of nanozinc (NZ).

identified too. The point to the presence at three days of the
cement paste by mixing oxide of a weak peak at 3615cm ™"
that could be attributed to OH groups joined to Zn ions (zinc
hydroxide) (Mollah et al. [55] and Trezza [56]). These results
are in agreement with Arliguie, who pointed out that the
formation of an amorphous layer of zinc hydroxide on the
surface of anhydrous cement particles inhibits cement hy-
dration (Arliguie and Grandet [31]). For cured cement
pastes at seven days, there is agreement with the DTA-TG
analysis, with the hydration of manual mixing cement pastes
being almost complete since the displacement of the peak
corresponding to the unhydrated alite phase from 920 to
985cm ™" and corresponding to the C3S hydration product
(formation of the CSH gel) is clearly identified. In this
sample, a sharp peak at 3645 cm™" corresponding to the O-H
stretching of portlandite Ca(OH), formed together with the
CSH gel in the hydration of calcium silicates is identified.
For dispersed samples at seven days, portlandite identifi-
cation is not possible, although the formation of the CSH
gel takes place according to the incipient peak at 985 cm™"
such as a decrease in the alite phase, confirming the progress
of hydration. In agreement with the literature (Vazquez
Moreno [57]), the intensity of the band corresponding to
ettringite decreases with its transformation in monosulf-
oaluminates. In this case, for pastes with NZ, this change
takes place when the age increases from three to seven days.
For 28 days, FTIR analysis would indicate a slightly greater
advance of hydration of cement pastes obtained by a manual
mixing method as the greater intensity of the portlandite and
CSH gel peaks, together with alite, is not identified.

X-ray diffraction characterization (Figure 3) is in agree-
ment with DTA-TG and FTIR analyses for cement pastes
with nanozinc oxide additions for both mixing methods.
For samples at three days, calcium silicate hydration has not

started (alite and belite identification), with there even being
aluminates identified. For pastes at seven days, hydration is at
a greater point of advance in cement pastes obtained by
manual mixing than for low shear rate dispersion for seven
days. At this age, manual mixing sample characterization
shows that the peaks corresponding to the alite phase (A) have
a lower intensity than those corresponding to low shear rate
dispersion ones. For 28 days, according to XRD analysis, there
are no hydration differences between cement pastes obtained
by both mixing methods. At this age, by means of this
characterization technique, it is possible to identify traces
of unhydrated alite. It should be noted that it is possible to
identify the crystalline calcium hydroxyzincate dihydrate
CaZn,(OH)s2H,O (CZ) phase at any cured age. The
identification by the FTIR of the amorphous zinc hydroxide
Zn(OH), phase at the earliest age (three days) and crystalline
calcium hydroxyzincate dihydrate CaZn,(OH)s2H,0 (CZ)
for all ages in XRD analysis would agree with the Arliguie
and Grandet proposal [31] where these authors indicated that
the delay in hydration is due to the precipitation of an
amorphous Zn(OH), layer around the anhydrous C5S grains
which inhibits cement dissolution. When the hydration re-
action starts again, the amorphous Zn(OH), layer transforms
into a crystalline calcium hydroxyzincate CaZn,(OH)s2H,O
(CZ). In a recent published study, Andrade et al. studied
cement pastes with zinc oxide addition for electric arc furnace
dust (EAFD) recycling (Andrade Brehm et al. [58]). They
proposed a model to explain hydration reactions of cement
admixed with ZnO. In this work, the authors identified the
CaZn,(OH)s-2H,0 (CZ) phase at two days and suggested the
starting of the hydration reactions in these cement pastes with
ZnO in agreement with Arliguie and stated that Zn(OH), is
not the responsible phase of retardation of setting time since,
according to the pH diagram at the pH of the cement pastes
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FiGURE 3: XRD characterization for cement paste with 2 wt.% of nanozinc (NZ).

(=12), there would be a small amount of this phase. The most
important result, regardless of the characterization technique,
is that there are no significant differences in hydration of
cement pastes at 28 days with a substitution of 2 wt.% of nano-
ZnO obtained by both mixing methods.

Figures 4(a)-4(c) and Table 2 show the DTG (mass
change speed) versus temperature as mass loss from the TG
data for the interest temperature ranges defined previously
(T1, T2, and T3) and associated with water loss of a dif-
ferent nature for cement pastes with a cement substitution
of 2 wt.% nano-ZnO and 10 wt.% microsilica (MS) ob-
tained for both mixing methods at ages of three, seven, and
twenty-eight days, respectively.

DTG analysis and water losses associated with different
phases (Table 2) of three-day samples with ZnO and
microsilica (Figure 4(a)) are close to the three-day pastes only
with nanoparticles for both mixing methods. The hydration of
calcium silicates has not taken place at this age. Pastes at seven
days (Figure 4(b)) show that calcium silicate hydration has
taken place for manual mixing samples but not so for low
shear rate dispersion pastes. The total water combined with
cement pastes prepared by low shear rate dispersion at seven
days is similar to that at three days. Water loss that takes part in
the CSH gel (T1) and water combined with portlandite (T2)
are low compared with manual mixing pastes according to
Table 2. The absence of the peaks corresponding to the water
loss that takes part in the CSH gel (T1) and water combined
with portlandite (T2) in DTG analysis confirms that the hy-
dration of calcium silicates either has not started or is at an
only slightly advanced at seven days for pastes prepared by the
dispersion method. There are meaningful differences related to
the quantities of water that are part of the CSH gel, as well as
water combined with portlandite, that indicate a higher hy-
dration of calcium silicate of manual mixing cement pastes.
Pastes only with ZnO hydration at seven days have started in
both mixing methods, although higher advanced points for

pastes are obtained by manual mixing. In Figures 4(a)-4(c),
two peaks appear before 200°C and 300°C, respectively, that
could correspond to the decomposition of hydrated calcium
hydroxyzincate (CaZn,(OH)s2H,0) and hydrozincite
according to Mellado et al. [54]. In Figure 4(a), these peaks can
appear overlapping with the hydration of tricalcium alumi-
nates and therefore have a greater intensity.

At 28 days, the hydration process for cement pastes with
NZ and MS obtained for both mixing methods is identical
according to DTG analysis and associated water losses
(Figure 4(c) and Table 2). At 28 days, the water loss com-
bined with portlandite indicates that about 16 wt.%. of total
loss is due to portlandite and the portlandite content for
samples obtained by both mixing methods being about 9% of
total weight. This minor content, compared with pastes, is
only with nanozinc and is a consequence of the pozzolanic
reaction between portlandite and the microsilica.

Similar to Figures 1(a)-1(c), calcium carbonate CaCOj;
dissociation ensuing form the degradation of the CSH gel
takes place between 650°C and 800°C and CaCO; calcite
ensuing from portlandite Ca(OH), carbonation dissociated
between 850°C and 1000°C according to Figures 4(a)-4(c).

The CSH gel-portlandite ratio is higher for samples with
nanozinc oxide and microsilica than for the reference cement
paste at 28 days for both experimental methods of obtaining
the cement pastes, as occurred in the case of the cement pastes
only with nanozinc oxide. Unlike cement pastes only with
zinc oxide, this result is a consequence not only of the higher
content of water (higher combined water) in the gel (T1) due
to the water bound to zinc in calcium hydroxyzincate but also
of the formation of the CSH gel because of the pozzolanic
reaction due to microsilica addition. As a result of the poz-
zolanic reaction, the portlandite content (equivalent calcium)
for the cement pastes with nano-ZnO regardless of the mixing
method is similar and lower than that for reference pastes
without ZnO. As for cement pastes with only ZnO, the
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hydration process in the first ages is different for each cement
paste with nanozinc oxide and microsilica depending on its
mixing method, although in both cases hydration is later, with
this being higher for cement pastes obtained at low shear rate
dispersion. ZnO does not occur in the hydration in cement
pastes prepared by this method in the first ages, and the water
bonded is lower than that in pastes prepared by manual
mixing. At 28 days, hydration is similar for cement pastes
obtained by both mixing methods. Cement pastes obtained
by the novel dispersion method show a higher CSH gel-
portlandite ratio than the manual mixing ones, indicating
a higher Ca/Si ratio and therefore denser CSH gels.

The CSH gel-portlandite ratio is higher for samples
with nanozinc oxide and microsilica than for the reference
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cement paste at 28 days for both experimental methods of
obtaining the cement pastes, due in part to the water content
in calcium hydroxyzincate and because it is not related to the
CSH gel (there is also a formation of secondary CSH gel
consequence of the pozzolanic reaction). This result would
provide better mechanical properties for samples with
nanozinc oxide and microsilica substitutions for both
mixing methods compared with the reference pastes. The
CSH gel-portlandite ratio for samples with zinc oxide and
microsilica is higher than that for samples only with zinc
oxide due to the pozzolanic reaction forming a secondary
CSH gel.

The Ca/Si ratio in the CSH gel of cement pastes with NZ
and MS obtained by SEM-EDX analysis at 28 days shows
such a ratio for both mixing methods as similar, although
slightly higher for manual mixing, with the values of 2.20
and 2.25, respectively. The Ca/Si ratio decreases with the
addition of SiO,.

As the plot of DTG versus T" of cement pastes that
contain NZ and nanosilica NS is close to that of cement
pastes that contain NZ and MS, it is not shown in this article.
Table 3 shows the mass loss from the TG data for the interest
temperature ranges defined previously (T1, T2, and T3) and
associated with the water loss of different nature for cement
pastes with NZ and NS for three, seven, and twenty-eight
days, respectively.

At three days of hydration, cement pastes with NZ and
NS obtained by both mixing methods, as for cement pastes
with NZ and MS, the hydration of calcium silicates has either
not taken place or at a little advanced point according to the
gel water losses. Pastes at seven days show that calcium
silicate hydration has taken place for manual mixing samples
but not so for low shear rate dispersion pastes. The total
water combined with the cement paste prepared by low
shear rate dispersion at seven days is similar to that at three
days, as shown in Table 3. According to this DTG analysis
and the values shown in Table 3, the result would indicate
that at seven days for manual mixing pastes, hydration is
already advanced and for dispersing samples, it would be
starting. According to findings in another study, nanosilica
accelerated C;S hydration [21]; however, in this study, the
hydration retarder effect of ZnO prevailed. Water losses that
took part in the CSH gel (T1) and combined with portlandite
(T2) in the first ages (three and seven days) are similar for
samples that do not contain silica or contain micro- or
nanosilica. For 28 days, the hydration process for cement
pastes obtained for both mixing methods is similar. Water
loss that takes part in the CSH gel (T1) at 28 days for cement
pastes with NS is higher than that for the MS ones, with this
indicating that nanosilica produces a higher quantity of
hydrated phase and showing agreement with the literature
(Tobdn et al. [59]).

It is important to note, in agreement with the literature,
that nanosilica has a pozzolanic reactivity higher than
microsilica and, that is, produces additional CSH gel (Land
and Stephan [21]). According to Table 3, cement pastes with
nanosilica for both mixing methods at 28 days show a higher
water loss that takes part in the CSH gel (T1) than the water
loss for samples with microsilica (Table 3) which correspond
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TaBLE 2: Water losses associated with different phases in cement pastes with 2 wt.% of nanozinc (NZ) + 10 wt.% microsilica (MS).
0, 0,
2% NZ+10% MS 2% NZ+10% MS low
manual mixing (wt.%) shear rate dispersion 52.5R
’ (wt.%)

3d 7d 28d 3d 7d 28d 3d 7d 28d
T1 1.8 6.1 8.8 1.3 2.0 9.0 6.6 7.0 7.8
T2 0.4 1.8 2.5 0.4 0.5 2.5 34 3.5 3.5
T3 2.1 3.0 3.0 2.0 2.2 2.6 2.6 2.8 2.6
Total combined water (T1+ T2+ T3) wt.% 43 10.9 14.3 3.7 4.7 14.1 12.6 13.3 13.9
Equivalent calcium (T2 +T3) wt.% 2.5 4.8 5.5 2.4 2.7 5.1 6.0 6.3 6.1
CSH gel (T1) wt.%/total portlandite (T2 + T3) wt.% 0.72 1.27 1.60 0.54 0.74 1.76 1.10 1.11 1.28

TABLE 3: Water losses associated with different phases in cement pastes with 2 wt.% of nanozinc (NZ) + 10 wt.% nanosilica (NS).
0 0,
2% NZ+10% NS 2% NZ+10% NS low
manual mixing (wt.%) shear rate dispersion 52.5R
’ (wt.%)

3d 7d 28d 7d 28d 28d 3d 7d 28d
T1 3.0 8.0 11.2 2.7 3.8 10.5 6.6 7.0 7.8
T2 0.8 1.7 2.0 0.7 1.0 2.1 34 3.5 3.5
T3 1.3 3.0 2.8 0.9 1.9 3.0 2.6 2.8 2.6
Total combined water 5.1 12.7 16.0 43 6.7 15.6 12.6 13.3 13.9
Equivalent calcium (T2 +T3) wt.% 2.1 4.7 4.8 1.6 2.9 5.1 6.0 6.3 6.1
CSH gel (T1) wt.%/total portlandite (T2 + T3) wt.% 1.43 1.70 2.33 1.68 1.31 2.06 1.10 1.11 1.28

with a higher CSH gel formation. A higher CSH gel formation
is important since this phase is responsible for the mechanical
properties, adherence, and contribution to the durability of
cement-based materials. For 28 days, water loss combined
with portlandite indicates that about 9 wt.% of total loss is due
to the portlandite (the portlandite content for samples ob-
tained by both mixing methods is about a 6% total weight).
This minor portlandite content, compared with pastes only
with nanozing, is a consequence of the pozzolanic reaction.
According to the literature, nanosilica promotes the pozzo-
lanic reaction since the pozzolanic reaction is proportional to
the specific surface available for the reaction. Micro- and
nanosilica, in this work, have a surface area of 28 and
150 mz/g, respectively (Jo et al. [60]). For samples with
nanozinc oxide and with or without microsilica, the CSH gel-
portlandite ratio is higher for samples with nanozinc oxide
and nanosilica than for the reference cement paste at 28 days
regardless of the mixing method. The explanation is the same
as that for samples with microsilica. Cement pastes with
nanosilica for both mixing methods show the highest CSH
gel-portlandite ratios as a consequence of a higher extent of
the pozzolanic reaction since such a reaction is proportional
to the surface area of silica and is one order of magnitude
higher for nanosilica than for microsilica. In all cement paste
mixtures, the hydration process at early ages is different for
each mixing method; although in both types, the hydration
process is retarded (such an effect is greater for cement pastes
obtained by low shear rate dispersion). ZnO is not involved in
the hydration in cement pastes prepared by this method in the
first ages, and the water bonded is lower than that in pastes
prepared by manual mixing. At 28 days, hydration is similar
for cement pastes obtained by both mixing methods.

The Ca/Si ratio in a CSH gel of cement pastes obtained by
SEM-EDX analysis at the age of 28 days shows such a ratio

for both mixing methods as similar with values of 1.95 and
1.78 for manual and dispersion mixing methods, re-
spectively. The addition of silica decreases the Ca/Si ratio in
the CSH gel, with this decrease being more meaningful when
nanosilica (NS) is added.

FTIR analysis (Figure 5) for cement pastes with NZ and
MS obtained by both mixing methods shows at three days
that the cement paste by mixing oxide could be forecast as
the peak corresponding to OH™ groups joined to Zn ions
(zinc hydroxide), although in this case it is even weaker. The
hydration behaviour is similar to that identified in cement
pastes only with NZ: calcium silicate hydration has not
started and the hydration of the calcium aluminates has only
happened, according to the identification of alite (A) and
ettringite (E). Pastes at seven days show that calcium silicate
hydration has taken place for manual mixing samples but
not so in the case of low shear rate dispersion pastes, in
agreement with DTA-TG analysis. As can be observed in
Figure 5, in manual mixing samples, the peak corresponding
to the unhydrated alite phase has moved from 920 to
995cm™', corresponding to the C;S hydration product
(formation of the CSH gel) in addition to the portlandite
phase. The hydration advance is higher for cement pastes
prepared by a manual mixing method than for low-shear
one. This is illustrated by the displacement of the peak
corresponding to the CSH gel formation and also by a weak
peak identified at 3645cm™' corresponding to the O-H
stretching of portlandite, formed together with the CSH gel
in the hydration of calcium silicates. For cured cement pastes
at 28 days, FTIR analysis shows an identical hydration of
cement pastes obtained by both mixing methods. When the
hydration age is 28 days, there is a meaningful decrease in
the peak corresponding to the ettringite phase regardless of
the mixing method used in agreement with the literature
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FIGURE 5: FTIR analysis for cement paste with 2 wt.% of nanozinc (NZ) + 10 wt.% microsilica (MS).

[57]. The intensity of the band corresponding to ettringite
decreases as its transformation in monosulfoaluminates
occurs. The only exceptions are cement pastes with only NZ
as an addition, in which this change takes place when the age
increases from three to seven days. It is important to note
that the peak corresponding to portlandite (3645cm™") in
samples with microsilica (seven and 28 days) shows a sig-
nificantly lower intensity than for samples without silica due
to portlandite reacting with silica in the presence of water to
form a secondary CSH gel according to the following
equation given by Neville and Brooks [61]:

Ca(OH), + SiO, + H,0 — CSH gel. (1)

Although the pozzolanic reaction does not lead to
a higher water loss T1, if the values provided in Tables 1 and
2 are compared, where in samples only with ZnO, the
pozzolanic reaction cannot take place. Secondary CSH gels
show lower Ca/Si ratios, in accordance with the literature
(Al-Dulaijan et al. [62]).

FTIR analysis for cement pastes with NZ and NS ob-
tained by both mixing methods is similar to cement pastes
that contain NZ and MS. For this reason, this is not shown in
the article.

At three days, in all cement pastes obtained by both
mixing methods, it is possible to observe calcium silicates
(alite) and ettringite but not CSH gels. Therefore, the hy-
dration process has been delayed by ZnO. Pastes at seven days
show that calcium silicate hydration takes place for manual
mixing samples but not so for low shear rate dispersion pastes
in agreement with DTG-T* analysis since for manual mixing
samples the displacement of the peak corresponding to the
unhydrated alite phase from 920 to 995cm™" corresponding
to the C;S hydration product (formation of CSH gel) has

taken place. For cured cement pastes at 28 days, FTIR analysis
shows an identical hydration of cement pastes obtained by
both mixing methods. When the hydration age is at 28 days,
there is a meaningful decrease in the peak corresponding to
ettringite phase regardless of the mixing method used to
obtain the cement pastes. It is important to note that the peak
corresponding to portlandite (3645 cm™) is not identified for
any of the samples, as a consequence of a further extension of
the pozzolanic reaction according to its higher surface area.

X-ray diffraction characterization (Figure 6) for cement
pastes with NZ and MS shows agreement with DTA-TG
analysis and FTIR in that hydration at three days is delayed
for both mixing methods since only unhydrated phases are
identified (calcium silicates and aluminates) in addition to
calcium hydrozincite. At seven days, hydration is at a more
advanced point in cement pastes obtained by manual mixing
than for low shear rate dispersion. At this cured age, manual
mixing sample characterization shows peaks corresponding
to the portlandite phase (P), unlike dispersing samples in
which such a phase is not identified. For pastes obtained by
dispersion, as the XRD pattern for ages three and seven days
is identical, hydration is delayed. At 28 days, according to
XRD analysis, there are no hydration differences between
cement pastes obtained by both mixing methods. It should
be noted that it is possible to identify the crystalline calcium
hydroxyzincate dihydrate CaZn,(OH)s-2H,O (CZ) phase to
any cured age for both pastes as in the pastes only with ZnO.
As in the case of the pastes only with ZnO, given that an alite
phase in cement pastes at ages of 28 days is identified, there
are unhydrated cement particles.

X-ray diffraction characterization for cement pastes with
NZ and NS is identical to cement pastes with NZ and MS
(Figure 6). At three days, hydration is delayed for both
mixing methods, with unhydrated phases (calcium silicates
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FIGURE 6: XRD characterization for cement paste with 2 wt.% of nanozinc (NZ) + 10 wt.% microsilica (MS).

and aluminates) being identified. At seven days, hydration is
at a more advanced point in cement pastes obtained by
manual mixing than for low shear rate dispersion. The
portlandite phase only can be observed in pastes obtained by
manual mixing. At 28 days, hydration for cement pastes
obtained by both mixing methods is identical. It should be
noted that it is possible to identify the crystalline calcium
hydroxyzincate dihydrate CaZn,(OH)42H,O (CZ) phase to
any cured age for both pastes, as in the pastes only with ZnO
or with ZnO and microsilica. As in the case of other pastes,
a small quantity of alite in cement pastes for both mixing
methods at ages of 28 days is identified, indicating that there
are unhydrated cement particles as a consequence of the
hydration relay by the ZnO addition. By means of XRD
diffraction, it is not possible to confirm the greatest extent of
the pozzolanic reaction for pastes with NS than for MS (T2
values in Tables 2 and 3 and Figure 5) according to the
intensity of the peak associated to the portlandite phase.

4. Conclusions

In this work, cement pastes with simultaneous functional
additions (micro- and nanosilica and nanozinc oxide) have
been prepared by means of two different mixing methods:
a common manual mixing method and a novel low shear
rate dispersion method. It highlights the viability of using
a new dispersion method based on a low shear mixing to
prepare cement pastes with nanometric simultaneous
functional additions and limit exposure to the nanoparticles
in order to avoid health risks.

At earliest age, hydration for both mixing methods has
not started and it is identified by the amorphous zinc hy-
droxide phase, responsible for the hydration inhibition.
When hydration is restarted, it is identified by the crystalline
calcium hydroxyzincate phase in cement pastes prepared by
both methods. The delay in hydration is higher for cement

pastes obtained by low shear rate dispersion than with
manual mixing. Nevertheless, at 28 days, hydration is similar
for cement pastes obtained by both mixing methods.

In all the cement pastes with additions, the CSH gel-
portlandite ratio is higher than that for the reference cement
paste without additions at 28 days regardless of the mixing
method, with cement pastes with nanozinc oxide and
nanosilica reaching the highest ratio value. This result is
a consequence of the higher content of water (higher
combined water) in the gel (T1) due to the water bound to
zinc in calcium hydroxyzincate for cement pastes with nano-
ZnO. In addition, the formation of a secondary CSH gel due
to the pozzolanic reaction is greater for cement pastes with
nanosilica because of its higher surface area.

The most important result obtained in agreement with
the similar hydration behaviour of the different cement
pastes prepared by both mixing methods is associated with
the feasibility of using the novel low energy dry dispersion
method to prepare cement pastes with simultaneous
nanometric functional additions avoiding the exposure to
the nanoparticles and therefore minimizing health risks.
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A study was undertaken to develop a prediction model of compressive strength for three types of high-porosity cast-in-situ
foamed concrete (cement mix, cement-fly ash mix, and cement-sand mix) with dry densities of less than 700 kg/m>. The model is
an extension of Balshin’s model and takes into account the hydration ratio of the raw materials, in which the water/cement ratio
was a constant for the entire construction period for a certain casting density. The results show that the measured porosity is
slightly lower than the theoretical porosity due to few inaccessible pores. The compressive strength increases exponentially with
the increase in the ratio of the dry density to the solid density and increases with the curing time following the composite function
A, (Int)® for all three types of foamed concrete. Based on the results that the compressive strength changes with the porosity and
the curing time, a prediction model taking into account the mix constitution, curing time, and porosity is developed. A simple

prediction model is put forward when no experimental data are available.

1. Introduction

Foamed concrete is an important type of geotechnical ma-
terial [1]. It is a light solidification material mainly composed
of cement, a filler, and a percentage of stable tiny bubbles and
possesses the advantages of being light weight, vertically
stable, and convenient for construction [2-5]. The statistical
results compiled by the China Concrete and Cement Products
Association (CCPA) indicate that the annual production
volume of foamed concrete was over 40 million-m® in China
in 2016, of which more than 80% was cast-in-situ foamed
concrete. Due to the increase in large-scale construction and
civil engineering projects, the applications of foamed concrete
will increase in the future. Therefore, it is important to control
the quality of foamed concrete. In the application of foamed
concrete for engineering projects, the quality indicators are
the casting density during the casting process and the com-
pressive strength during the design stage. However, it is im-
portant to know the compressive strength of the foamed
concrete at different times after the casting process and
during the initial construction period. Therefore, it is

necessary to develop a compressive strength prediction
model by considering the important parameters and the mix
compositions. The strength of foamed concrete is influenced
by a number of parameters that have been determined in
previous studies [6-8]. The uniaxial compressive strength is
given by

o:f(ao,p,m,%,..), (1)

C

where 0, is the uniaxial compressive strength of concrete at
a porosity of 0; p is the porosity; m is the degree of hydration,
0<m<1, m = 0 means the start of the hydration and m =1
means the completion of the hydration; and m,,/m_ is the
water/cement ratio.

Based on (1), for the same curing conditions and mix
composition, the strength of the foamed concrete is mainly
influenced by the porosity, the degree of hydration, and the
water/cement ratio. Several models have been proposed to
express this ratio, and they are listed in Table 1. It is evident
that several compressive strength prediction models for
foamed concrete are based on the Powers model and the
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TaBLE 1: Review of compressive strength prediction models for foamed concrete.

Author Material composition Models

Balshin [8] Cement g=0,(1-p)"

Neville [9] Cement, sand, fly ash o=kg"

Tam et al. [10] Cement o =k(1/(1+my/m.+my/m.))"

Durack and Weiging [11]
Nambiar and Ramamurthy [12]
Hoft [13]

Kearsley and Wainwright [14]

Cement

Cement, sand, fly ash

Cement, sand, fly ash

0= k((2.060V )/ (1- V-V (1-a)"

0=0y((d.(1+0.2p))/ (1 +k)py))’
0 =0y ((d.(1+0.2p, +5,))/ (1 +k)(1+5,)p7:))"

o = the uniaxial compressive strength of foamed concrete; p = porosity; g = gel-space ratio; m,/m_ = the air/cement ratio; d. = casting density; p. = the specific
gravity of cement; y,, = unit weight of water; k, = water-solid ratio by weight; o, = uniaxial compressive strength of concrete at a porosity of 0; s, = filler-
cement ratio by weight; s, =admixture-cement ratio by volume; k = gel strength; a=hydration water-cement ratio by weight; V. =volume of cement;

Vq =filler volume of unit volume; d. = fresh density; b, n=empirical constant.

15.0kV 14.5mm x200 SE

FiGure 1: Comparison of voids in (a) high-density and (b) low-density casting of foamed concrete. Red dotted circles: small voids in the pore walls.

Balshin model; most prediction models have limitations in
terms of the influencing factors of porosity, the degree of
hydration, and the water/cement ratio.

As can be seen in Figure 1, foamed concrete is a typical
noncompacting type of concrete; therefore, the porosity of
foamed concrete is controlled by the volume of the voids in
the concrete. The voids include gel pores, microcapillaries,
macrocapillaries, and artificial air pores [15, 16]. Based on
(1), its compressive strength is related to the proportion
occupied by voids. Odler and Ropler [7] established a re-
lationship between porosity and strength for a series of
cement pastes with different water/cement ratios after pe-
riods of hydration. The research showed that the relationship
between the compressive strength and the porosity is linear
for porosity values between 5% and 28%. Fagerlund [17]
stated that it is necessary to determine a limit for the po-
rosity. When the porosity is below the limit, an equation fits
the experimental data. For higher porosities, a different
equation is required. As the foamed concrete density in-
creases, the pore spaces become smaller and the pore walls
become thicker. When the dry density of foamed concrete is
more than 700 kg/m” (the relative density is about 0.3), there
is a transitional change and the material changes from
a porous structure to a solid structure containing isolated
pores [18]. The dry density of foamed concrete used as roof
insulation material ranges from 160 to 300 kg/m>. For heat
insulation material, the dry density ranges from 300 to
500 kg/m’. When used as geotechnical fill material, its dry

density ranges from 400 to 600 kg/m> [19, 20]. As we can see,
all values all smaller than 700 kg/m>.

For a given casting density of foamed concrete, when the
water/cement ratio is low, the added bubbles will burst while
the mixture is being stirred and the flow requirement of the
foamed concrete cannot be reached. When the water/cement
ratio is high, instability will occur for the fresh foamed
concrete and the bubbles float on top of the foamed concrete
slurry. This separation phenomenon between the foam and
the cement slurry influences the casting results [21, 22].
These two phenomena related to bubble instability are
shown in Figure 2. For the cast-in-situ foamed concrete
during construction, the flow value is regulated between 160
and 180mm. As for the cast-in-situ foamed concrete,
a superplasticizer was not added during the production
process due to limitations in the construction conditions and
the construction equipment; therefore, the water/cement
ratio was a constant value for a given casting density.

The degree of hydration of the foamed concrete is
a function of time, curing temperature, and other param-
eters. As the curing time increases, the cement hydration in
the foamed concrete may produce solid products that fill the
pores of the sample. At the same time, the self-weight
consolidation and evaporation of water may significantly
increase the stiffness and density of the samples [23]. A study
on the effect of the relationship between water permeability
and pore connectivity under different curing times indicated
that the sample had a coarse structure during the early stage,
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“Bursting” bubbles

TaBLE 2: The constituent materials of the foamed concrete.

Materials Remarks

Type I Portland cement conforming to GB
Cement 175-2007
Sand Finer than 300 microns, specific gravity=2.5
Fly ash Class F Type I conforming to GB/T 1596-2005
Foaming agent Synthetic type, specific gravity =1.06
Water Tap water

whereas the pore structure in the hardened cement paste
became denser as the curing time increased [24, 25]. For the
same casting density and curing conditions, the compressive
strength of foamed concrete varies with the curing time;
therefore, it is necessary to know the compressive strength
for different curing times.

In view of these observations, it is necessary to develop
a model for compressive strength prediction of high-porosity
cast-in-situ foamed concrete that should consider the porosity
and the degree of hydration. The model can help determine
the mix composition of the foamed concrete, the casting
density, and the compressive strength. At the same time, it
will provide a reference for the initial construction time of the
engineering project.

2. Materials and Methods

2.1. Materials. The foamed concrete used in this study was
made from ordinary Portland cement, fine sand, fly ash,
and bubbles. The constituent materials used in the ex-
periments are shown in Table 2. In this research, a syn-
thetic type of foaming agent was used because it was highly
eco-friendly and its air bubbles were strong. The bubbles
were entrained or entrapped within the slurry to promote
lightness [26, 27].

—

i “Floating” bubbles

®

(®)

Main valve

Hydraulic valve

- froeme— — l-.,... == f
w;“ — - 4

Foam tube

FIGURE 3: Air bubble generator.

2.2. Mix Design Procedure. To produce the bubbles for the
production of the samples, the foaming agent was diluted with
water at a ratio of 1 : 60 (namely, the multiple of dilution equals
60). A prefoaming method was used to produce the foamed
concrete. In this method, the air bubbles were first foamed by
a bubble generator, which is shown in Figure 3. The density of
air bubbles was set at 35+ 5kg/m’.

A flowchart of the foamed concrete mix method is
shown in Figure 4. The cement, fly ash, and sand were mixed
with water at a certain ratio to produce a cement slurry as
shown in Table 3. After that, the air bubbles were mixed well
with the cement slurry by stirring with an electric blender to
produce the foamed concrete.

2.3. Samples and Maintenance Procedure. Twenty-one
densities of foamed concrete were cast; the corresponding
mix proportions and major parameters are listed in Table 3.
For each density, the number of groups was decided by the
testing time. Six identical samples (100 mm long x 100 mm
wide x 100 mm high) were prepared for each group and
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-

Air bubbles

Fully stirring Foamed concrete

Cement slurry

F1GURE 4: Flowchart of the foamed concrete mix method [28].

testing time. Three samples were used to test the compressive
strength, and the others were used to measure the dry
densities. The samples were demoulded after 24 h to ensure
that they were sufficiently hard for further handling. Then,
all the test samples were subjected to standard curing.

2.4. Testing Method

2.4.1. Compressive Strength. The cubes were tested by using
a compressive machine at the pace rates of 2.00 kN/s according
to the “Test method of autoclaved aerated concrete” (GBT
11969-2008). The stress data were recorded to determine the
unconfined compressive strength. The data used for the analysis
consisted of the average of three sample test results.

2.4.2. Porosity. The measured porosity of the foamed concrete
was determined using a vacuum saturation apparatus. The
samples were placed in an electric, constant-temperature
drying oven at 60°C for 24h. After that, the temperature
was increased to 80°C and maintained for 24 h. The samples
were dried at 100°C until the weight of the samples was
constant. After the samples were placed into the vacuum
saturation apparatus (Figure 5), the pressure was maintained at
—1MPa for 2h. After turning on the air valve, water flowed
into the device slowly until the samples were immersed in the
liquid. Prior to the weighing tests, the samples were saturated
for another 22 h. The measured porosity was calculated using
the following formula [29]:

(Wsat - Wdry)

P=—"-—"—:-x100,

(Wsat - Wwat) (2)

where P is the vacuum saturation porosity (%), W, is the
weight in air of the saturated sample, W, is the weight in
water of the saturated sample, and Wy, is the weight of oven-
dried sample.

3. Results and Discussion

Nambiar and Ramamurthy [12, 30] expressed the theoretical
porosity of foamed concrete using the variables of casting

density, water-solid ratio, filler-cement ratio of the freshly
foamed concrete mixture, specific gravity of the cement, and
unit weight of water, which can be seen in (3) and (4). According
to previously determined data, the porosity values vary from
0.18 to 0.23 for different kinds of raw materials and different
proportions of ingredients [10, 31, 32]. The ratio of hydration
water to cement by weight is assumed to be 0.2.

d (1+0.2p,)
(L+k)peyy

(3)

- d.(1+0.2p.+s,) . @
(1+ko) (1 +54)pY

These equations are inconvenient and flawed. First of all,
there are many variables that need to be calculated. Secondly,
it is assumed that the hydration of the cement is complete,
which ignores the degree of cement hydration. Lastly, these
equations do not consider the difference in the hydration
water between the cement and the admixtures. In order to
avoid these problems, the following equation can be used to
determine the theoretical porosity [18]:

*

n:l—P—,

Ps

(5)

where p* is the dry density of foamed concrete and p; is the
dry density of the solid material.

In (5), the dry density can be considered a certain value
for the same mix constitution for the same brand of material
when it is completely hydrated. When the constitution
proportions of the materials change, p, can be obtained
based on the proportions of the constitutions. The hydra-
tions of the cement and admixtures are functions of the
curing time, and the degree of hydration will affect the dry
density. When the hydration is complete and the testing time
is long enough, (3) and (4) are applicable. However, (5)
applies in all cases. In addition, this equation is simple and
intuitive.

The relationship between the measured and theoretical
porosities (after 1 year) of foamed concrete is shown in
Figure 6. It is evident that deviations exist between the
measured and theoretical porosities. For all mixes, the
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FIGURE 5: Vacuum saturation device.
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FIGURE 6: Relationship between measured porosity and 1-p*/p,.

measured values are lower than the theoretical values. The
reason is that foamed concrete has closed pores, which are
difficult to fill entirely with water. The closed pores differ for
different casting densities. In high-density casting, the closed
pores occur in the pore structures and pore walls, while in
low-density casting, the closed pores mainly occur in the
pore walls. A comparison of the differences between the
measured and theoretical porosities for the three types of
foamed concrete of the same casting density indicates that
the difference is largest for the cement mix, followed by the
cement-fly ash mix and the cement-sand. After the addition
of fly ash, the initial setting time of the foamed concrete
increases resulting in instability of the foamed concrete
slurry and an increase in the number of connected holes [14].
For the foamed concrete containing sand, the pore walls
become thinner and the number of the connected holes
increases due to the reduction in the cement proportion and
the increase in the density of the solid material [33, 34].
When the number of connected holes increases, there is

Advances in Materials Science and Engineering

a higher likelihood that the voids are filled with water, which
decreases the deviations between the measured and the
theoretical porosities.

3.1. Effect of Porosity on Compressive Strength. The re-
lationship between the theoretical porosity and the com-
pressive strength (28 days and 1 year) of the foamed concrete
is shown in Figure 7. The data show that the compressive
strength increases exponentially with the increase in p*/p, as
described in (6); this occurs for all types of foamed concrete
for the 1yr duration and the 28 d duration.

+\ Bi
o= A, (P_> | (6)
Ps

A comparison between Figures 7(a) and 7(b) shows that
the dry density is slightly higher for 1 yr than for 28 d for the
same density of foamed concrete because the hydration
reaction is not fully complete at 28 d, which is consistent
with previously reported results [2]. For the three conditions
(flc=0,s/c=0; flc=0, s/c=1; flc=1, s/c=0), the A, value is
higher for 1yr than for 28 d. The B, value is lowest for the
cement-sand mix, followed by the cement mix and the
cement-fly ash mix.

Table 4 lists the constants of the strength-porosity
models of the foamed concrete with various mix constitu-
ents. It shows that the values of the constants obtained in this
study are close to the values obtained by Hoff [13] using
cement paste. However, the constants obtained in this study
are lower than those obtained by Nambiar and Ramamurthy
[12] for cement-sand. Nambiar and Ramamurthy [21] stated
that foamed concrete with a fly ash additive was less de-
pendent on the pore parameters than foamed concrete with
sand; these results differ from our results. Figure 8 shows the
microscopic photographs of the pore wall structures of the
foamed concrete with different casting densities. The pore
wall structure is dense for the high-density casting and less
dense for the low-density casting. In the low-porosity
foamed concrete (f/c=0, s/c=1), the sand has an inter-
locking effect under pressure. In the high-porosity foamed
concrete (f/c=0, s/c=1), the hole walls are thinner and less
dense, which reduces the interlocking effect. Therefore, in
this study, the o, parameter of high-porosity foamed con-
crete only reflects the uniaxial compressive strength of the
mix constitution.

3.2. Effect of Curing Time on Compressive Strength. Most of
the existing compressive strength prediction models have
been used to predict the strength of the foamed concrete
after casting at particular times, while the compressive
strength of foamed concrete increases with the curing
time. Because the use of the foamed concrete begins at 28 d
after casting or earlier, it is important to predict the
strength of foamed concrete immediately after casting and
thereafter.

The effects of the curing time on the compressive
strengths of three casting densities are shown in Figure 9. It
can be seen that the compressive strength increases with the
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TaBLE 4: Comparison of the constants of various strength-porosity models.
. . Constants
Model by Mix constituents
g, b
Hoff [13] Cement 115-290 2.7-3
Kearsley and Wainwright [14] Cement with and without fly ash 188 31
. Cement-sand 155.66 43
Nambiar and Ramamurthy [12] Cement-sand-fly ash 105.14 2.58
Cement 174.72 2.643
Present study Cement-sand 58.37 2.286
Cement-fly ash 166.17 2.691
15.0kV. 47.4mm x2.00k SE
(a) (®)

FIGURE 8: Microscopic photographs of the pore wall structures of (a) high-density and (b) low-density casting foamed concrete.
curing ti{lle; initiallyz the rate of incre?lse ip thc? compressive o= A, (Int)™. (7)
strength is large and it slows as the curing time increases. The
relationship between the compressive strength and the A comparison of the results shown in Figures 9(a)-9(c)

curing time can be expressed by the following equation for indicates that for the same casting density and curing time, the

a given density and mix constitution:

compressive strength is highest for the cement mix, followed by
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FIGURE 9: Effect of curing time on compressive strength for the three casting densities: (a) A, (b) D, and (c) G.

the cement-fly ash mix and the cement-sand mix. The com-
pressive strength is almost stable at 90 d for the cement mix
and the cement-sand mix; the compressive strength does not
increase after 180 d for the cement-fly ash mix. It is evident
that the values provided by the prediction model are lower
during the early stage and higher during the late stage compared
with the test values. The compressive strength decreases when fly
ash is added, but the attenuation ratio decreases with an increase
in the casting density. The B, values are similar for the cement

mix and the cement-sand mix, but the B, value is lower for the
cement-fly ash mix. Because the hydration reaction material in
the cement mix and the cement-sand mix is cement, the hy-
dration rates are very similar under the same curing conditions
[35], while the hydration rate of the fly ash is lower. The B,
value represents the hydration rate of the raw material.

3.3. Proposed Model. Based on the above results, the com-
pressive strength of foamed concrete is a function of the mix
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TaBLE 5: Comparison of the constants of various mix constituents.

Mix constituents A B C A(ln365)% R?

Cement 110.255 0.204 2.568 158.362 0.997
Cement-sand 34989 0.305 2.292 60.123 0.995
Cement—ﬂy ash 59.551 0.531 2.603 152.830 0.993

TaBLE 6: Comparison of the constants of various mix constituents
(p* = pies)-

Mix constituents A B C A(ln365)8 R?

Cement 60.640 0.470 2.459 139.655 0.988
Cement-sand 22.771 0.518 2.244 57.106 0.991
Cement—ﬂy ash 33.315 0.821 2.548 143.055 0.982

constitution, curing time, and porosity. The following
equation is derived from (6) and (7):

A\ C
o=A(n t)B<”) , (8)

S

where t is the curing time, 1 <t <365; A is the parameter
associated with the compressive strength of concrete; B is the
parameter reflecting the hydration rate of the mix constit-
uents; and C is the parameter reflecting the porosity and
pore structure, which is associated with the pore quality
including pore size, pore shape, and so on.

When (8) is used to fit the test data, p* is measured when
the compressive strength is tested. Table 5 shows the con-
stants of various mix constituents. It can be inferred that
there is no obvious difference in the B value for cement and
cement-sand, whereas the B value of the cement-fly ash is
high, which is in agreement with the foregoing conclusions.
Compared with the B values shown in Figure 9, the values
are lower in Table 5 because the hydration rate of the mix
constituent is reflected by the parameters B and C. When
parameter C is added to the equation, the value of B
decreases.

The parameter p* is rarely measured outside the labo-
ratory when a strength prediction model is used. It is im-
portant to reduce the number of measurements. The dry
densities are similar for different curing times for the same
casting densities. When the differences are ignored, the dry
densities are only measured after 1 yr. The results are shown
in Table 6.

A comparison of the data shown in Tables 5 and 6 shows
that the A and C values are lower in Table 6 for the same mix
constitutions, while the B values are higher. The degree of fit
decreases for all mix constitution, although a high degree of
fit is still ensured. Therefore, the assumption of p* = p3. is
reasonable in order to simplify the model. At the same time,
p* can be simply calculated using (9) according to the
“Technical specification for application of foamed concrete”
(JGJT341-2014):

p* =S, (m.+my) +mg, 9)
where S, is an empirical constant for certain cement and

admixture factories, m_ is the cement dosage of foamed
concrete per cubic meter, m,, is the admixture dosage of

foamed concrete per cubic meter, and my is the fine ag-
gregate dosage of foamed concrete per cubic meter.

In this study, S, equals to 1.211, 1.216, and 1.175 for the
cement mix, cement-sand mix, and cement-fly ash mix, re-
spectively. The values are very similar for the cement mix and
the cement-sand mix. The value is slightly lower for the
cement-fly ash mix because cement is a hydraulic binding
material and fly ash is the active mineral admixture; the ad-
dition of fly ash reduces the value of S,. Cement is the hy-
dration reaction material in the cement-sand mix, and sand is
the nonactive admixture; therefore, the S, values are similar for
the cement mix and the cement-sand mix. Combined with the
other results, (9) can be used to calculate the dry density, in
which S, is an empirical constant for a given mix constitution
and a given cement factory. When there are no measurements
of dry density, the following equation can be used to predict
the compressive strength of foamed concrete:

C
a:A(lnt)B(Sa(m°+mm)+ms) . (10)

S

4. Conclusion

The following conclusions can be drawn based on the ex-
perimental and comparative results:

(1) The measured porosity is slightly lower than the
theoretical porosity due to few inaccessible pores.

(2) The compressive strength increases with the increase
in the ratio of dry densitg to solid density following
the equation A, (p*/p,)”* for all three types of
foamed concrete. The B, value is similar for the
cement mix and the cement-fly ash mix. The value of
B, is lowest for the cement-sand mix, followed by the
cement mix and the cement-fly ash mix.

(3) The compressive strength increases with the curing
time following the composite function A, (Int)?? for
all three types of foamed concrete. The B, values are
similar for the cement mix and cement-sand mix, but
the B, value is lower for the cement-fly ash mix.

(4) Based on the results that the compressive strength
changes with the porosity and the curing time,
a prediction model taking into account the mix
constitution, curing time, and porosity is proposed.
A simple prediction model is put forward when no
experimental data are available.
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Reinforced concrete structures under cyclic exposure to the corrosive environment such as the tidal zone as a part of marine
structure entail the higher risk of steel corrosion. In this paper, chloride penetration in concrete exposed to the tidal zone was
predicted using a combined moisture and chloride transport model. For the analysis of moisture transport, pore size distribution
in concrete was determined from the experimental observation and used to determine the moisture permeability and degree of
saturation. Then, the chloride profile through nonsaturated concrete cover was calculated by applying the moisture distribution
along the penetration depth to the chloride convection and diffusion model. To assess sensitivity of the service life to the
environment and concrete mix conditions, this study used three types of tide levels and water to cement ratios in the simulation.
Under 10 years of tidal exposure condition, the minimum required cover depth at which the threshold chloride concentration
reaches on the steel embedment increases only about 1.13 times as the tide level increases from the minimum to the highest while

that for the w/c ratio increases about 1.69 times.

1. Introduction

The chloride-induced corrosion in RC structures especially
exposed to marine environment has been regarded as
a major problem in the aspect of structural safety. When
a sufficient amount of chloride reaches on the steel surface in
concrete, the passive film, maintained by high alkalinity of
concrete pore solution, starts to dissolve and steel corrosion
easily occurs [1]. After that, serial expansions of the cor-
rosion products can cause concrete cracking from the lo-
cation of steel embedment, thereby resulting in delineation
of the concrete cover [2]. Thus, to assess the risk of chloride-
induced corrosion and prevent the deterioration process
during the life cycle of RC structures, a proper prediction
model able to reflect the effects of material and environment
actions on chloride ingress would be required.

Under the marine environment, the rate of chloride
penetration in concrete largely depends on the exposure
condition that changes with daily variation of the tide level
[3]. Nevertheless, a number of studies for assessing the

chloride ingress at the tidal zone with a single diffusion
model have been carried out based on the assumption that
the concrete pore network is fully saturated [3-6]. However,
most of the concrete structures exposed to the tidal envi-
ronment are in nonsaturated state, and the chloride trans-
port is driven by both diffusion via concentration gradient
through continuous pore water channel and convection via
moisture movement through nonsaturated pores. In fact, as
the exposure area becomes higher from the lowest tide level,
chloride distribution in concrete becomes hard to be de-
scribed with a single diffusion analysis since the moisture
gradient in concrete simultaneously occurs during the re-
peated wet/dry cycles [7].

In the consideration of the transport mechanism in
nonsaturated concrete, several prediction models have been
developed [8-11]. Saetta et al. first suggested the S-shaped
curve equation relating the chloride diffusivity with the
moisture level to predict the chloride penetration under
nonsaturated environment [8]. Based on this semiempirical
expression of chloride diffusivity, the two-dimensional
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numerical model for predicting temperature, relative hu-
midity, and chloride transport in concrete was developed by
Martin-Pérez et al. [9]. Nielsen and Geiker proposed the
moisture dependent chloride diffusivity with a composite
theory of the cement matrix to assess the chloride diffusion
in nonsaturated state [10]. Recently, Sleiman et al. used the
S-shaped curve relation of chloride diffusivity and moisture
level to assess the effect of types of moisture adsorption
isotherms on the ionic penetration in concrete [11]. How-
ever, moisture level at given humidity level largely changes
with the concrete pore size distribution which also de-
termines the moisture diffusivity as functions of humidity
level and mix condition [12] and thus could affect the rate of
chloride penetration in nonsaturated concrete.

The main topic in this study is to evaluate the de-
pendences of tide level and the water to cement ratio on the
chloride penetration using the combined moisture and
chloride transport model. To implement the numerical
calculation of the nonlinear transport behavior in the tidal
zone, the finite element method (FEM) was adopted in
solving the partial derivative equations with time-dependent
boundary conditions. Moisture transport under the wet/dry
cycles was modelled based on the statistical permeability
theory to relate the pore size distribution in concrete to the
moisture permeability. Then, chloride penetration in non-
saturated concrete can be predicted by applying the calcu-
lated spatial values of moisture transport to the chloride
transport model.

2. Methodology

2.1. Moisture Transport. To predict the chloride transport in
nonsaturated concrete, moisture distribution through the
concrete depth was determined, considering the liquid and
vapour transport which can be expressed as

aa—f =V(-K,VP_+ K,VP,), (1)
where w is the moisture content (kg/m?),  is the time, K| is
the permeability of the liquid water (kg/m-s-Pa), P_ is the
capillary pressure (Pa), K, is the permeability of water
vapour (kg/m-s-Pa), and P, is the water vapour pressure
(Pa). Assuming the thermodynamic equilibrium condition
in concrete, it is possible to relate the pressure terms in (1) to
the relative humidity (/) such that

Inh = lni = —PCMW,
PO prT

(2)

where P, is the saturation vapour pressure (Pa), p,, is the
density of water (kg/m3), R is the gas constant (J/kg-K), T is
the temperature (K), and M, is the water molecular weight
(kg/mol). Thus, combining (1) and (2), moisture distri-
bution in concrete in terms of relative humidity can be
expressed as

ow oh pRT
—=V| K,
M., h

Vh + KVPOVh>, (3)
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where Ow/0h is the moisture storage capacity (kg/m’),
denoting the slope of water vapour isotherms for adsorption
and desorption.

As the humidity level increases, the liquid permeability
(K}) increases due to the increase in the water content in
concrete, while the vapour permeability (K,) decreases due
to the decrease in the nonsaturated porosity. K; was de-
termined based on the statistical permeability model [13],
considering the probabilistic effect of the variation of pore
sizes on the moisture flow in the porous cement matrix such

that
(o). "
7 =-1.5-tanh[8.0 (&-0.25)] + 2.5, (5)
f(r)=B-exp(-B-7), (6)

where & is the porosity, 7 is the tortuosity determined using
a semiempirical model suggested by Nakarai et al. [14],  is
the viscosity of liquid water (Pa-s), f(r) is the normalized
pore size distribution, B is the parameter of the Rayleigh-
Ritz (R-R) density function, and r. is the critical radius
below which the pores are fully saturated (m), which can be
expressed as

re=1t, +1, (7)

where t, is the thickness of water molecules on the pore wall
(m) and ry_is the capillary condensation radius (m). ¢, can be
determined according to the BET model [15] such that

3 x 107%xp (855/T)

fa = (U= h) (1 + (exp (855/T) — D] ®

In the assumption of the cylindrical pore shape, r can be
determined by using Kelvin’s law such that

_M, 1
pwRT Ink

(9)

Ty =
where § is the constant dependent on the curvature of liquid-
vapour interface [12, 15] and y is the surface tension of water
(N/m). For the simplicity of the analysis, change in § during
the moisture adsorption and desorption was not considered
and assumed to be unity.

Before capillary condensation, adsorption of water
molecules occurs through the nonsaturated pores, and the

rate depends on the vapour permeability that can be de-
scribed with the Knudsen diffusion model such that

3 Dv(l—S) M,,
VAL 20 —1)] (%) (10)

where S is the degree of saturation, [, is the mean free path of
the water molecule (m), r,,, is the mean of pore radii over
unsaturated pores (m) which was assume to be 2.5 ym equal
to one-half of the maximum pore size, and D, is the dif-
fusion coefficient of water vapour in air (m?/s), which was
determined by taking into account the water vapour pres-
sure and temperature differences [16] such that
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p T 1.88
D, = Drefpif (T_> , (11)
v ref

where D, is the water vapour diffusivity at reference values
of pressure (P,) and temperature (T,.) (D, = 21.6E -
6m?/s, P, =11,325Pa, and T, =273.16K). In this
study, the moisture content resulting from the vapour ad-
sorption in nonsaturated pores was excluded due to its
marginal influence on the chloride transport. Thus, the
degree of saturation at wetting (S,,) was determined based on
the pore size distribution such that

5, = J F(r)dr. (12)
0

When vapour desorption proceeds, partial water con-
tents remain through ink-bottle pores. By taking into ac-
count a probability of interconnection between larger pores
and smaller at the given humidity level [13], the degree of
saturation at drying (S,) can be determined as

Sq =8, (1-1In(S,)). (13)

When sea water contacts with the concrete surface, it was
assumed that water vapour adsorption proceeds into the
concrete cover, and the degree of saturation (S) was cal-
culated with (12). When water vapour desorption proceeds
from the inner concrete depth to the environment, the
degree of saturation was calculated with (13).

2.2. Chloride Transport. Under the nonsaturated condition,
chloride transport in concrete is driven by both diffusion via
concentration gradient and convection via moisture flux.
Considering the chloride binding during the combined ionic
penetration, the mass balance equation for the chloride
transport can be expressed as

%o s Ly (S@D,VC;) + V (S@C; D, Vh),
oC; ot

(14)

where C, is the bound chloride concentration in concrete
(kg/m?), C; is the free chloride concentration in pore so-
lution (kg/m’), D, is the effective chloride diffusion co-
efficient (m?/s), and Dy, is the moisture diffusion coefficient
(m*/s) which accounts for the rate of combined liquid and
vapour transport and can be obtained from (3) such that

RT oh
D, :<K1’;\‘j[ ; +KVP0>%. (15)

The Langmuir isotherm was used to describe a nonlinear
relationship between free and bound chlorides. The de-
rivative formula of the relation indicates the chloride
binding capacity [9], which can be expressed as

aCb _ (04

oy "

where « and f are the binding parameters for the Langmuir
isotherm.

TaBLE 1: Boundary conditions for the moisture and chloride
transport simulations.

Condition Notation Unit Value
weting & w1793
Drying & kgt v

Initial gf kg/_m3 0'%95

2.3. Boundary Conditions. To mimic a typical tidal envi-
ronment, three types of exposure conditions to the concrete
surface were considered as low, medium, and high tide
levels, corresponding to 0.3, 0.5, and 0.7 days of daily drying
time, respectively. Accordingly, daily wetting time for the
chloride ingress decreases from 0.7 to 0.3 days with in-
creasing the tide levels. To do this, moisture and chloride
fluxes into or out of the concrete surface were simulated
using the following boundary conditions [8]:

2 : (Dth) = Bh (hs - hen)’

B (17)

n- (Devcf) = nBc (Cs - Cen) + Ceth (hs - hen)’
where 7 is the outward unit normal at the boundary, By, and
B, are the mass transfer coefficients, respectively, for the
relative humidity and chloride (m/s), hy and C, are the
relative humidity and free chloride concentration at concrete
surface, h,, and C,, are the relative humidity and free
chloride concentration at environment, and # is the envi-
ronment factor, accounting for 1 during wetting and 0 dur-
ing drying. Other values for the boundary condition are given
in Table 1.

2.4. Input Parameters. To investigate the effects of the mix
condition on the chloride penetration in nonsaturated
concrete, 0.4, 0.5, and 0.6 of the water to cement ratio
(w/c) were considered by using each porosity and pore size
distribution, which were determined based on the mer-
cury intrusion porosimetry (MIP). For the MIP test,
mortar specimens with 0.4, 0.5, and 0.6 of w/c and 2.15 of
the sand to cement ratio were fabricated using ordinary
Portland cement (OPC). After water curing at 20 + 1°C for
56 days, the samples were dried in an oven for 3 days to
remove the inside pore solution. Then, mercury intrusion
was implemented on the treated samples under a constant
contact angle (130°). Mercury pressure was gradually
increased up to 228 MPa, which then converted into the
pore size distribution by using Washburn’s equation.
With the cumulative porosity data obtained from the MIP,
B in (6) was determined with a nonlinear curve fitting
method to the data. As for the effective chloride diffusivity,
the values for 0.4, 0.5, and 0.6 of w/c were assumed to be
3.9, 7.8, and 12.6E — 12 m?/s [17] which were then used in
the chloride transport simulation. Other input parameters
were assumed to be irrespective of w/c and are given in
Table 2.



TABLE 2: Input parameters for the moisture and chloride transport
simulations.

Property Notation Unit Value
p, Pa 2333.4
Pur kg/m? 994.6
. o . n Pa-s 0.001
Moisture equilibria at 20°C I m \E—7
y N/m 0.0728
M,, kg/mol 0.018
. . a — 1.15
Chloride binding B . 028
By, m/s 4.05E-7
Surface transfer B, m/s LOE—6

Log differential porosity (d©/d(log(r)))

Pore radius (#m)

—— w/c04
—— w/c0.5
—— w/c0.6

FIGURE 1: Pore size distributions with variation of water to cement
ratios.

3. Result and Discussion

3.1. Pore Size Distribution. For the analysis of the combined
moisture and chloride transport in concrete, pore size
distribution depending on w/c was determined by regression
analysis to the MIP data with R-R density function given in
(6). As shown in Figure 1, the pore radius at maximum
porosity increment increases with w/c, accounting for 0.051,
0.115, and 0.244 um, respectively, for 0.4, 0.5, and 0.6 of w/c.
In addition, porosity also increases with w/c, accounting for
0.16, 0.18, and 0.21. These observations indicate that the
higher surplus of mixing water increases the portion of large
capillary pores and water-filled porosity when concrete is
saturated.

Based on the calculated pore size distribution, moisture
adsorption and desorption isotherms can be determined
using (12) and (13). As shown in Figure 2, the degree of
saturation increases nonlinearly with the relative humidity,
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(=}

Degree of saturation (-)

0.01

0.001
0

0.2 0.4 0.6 0.8 1
Relative humidity (-)

—— w/c0.4
—o— w/c0.5
—o— w/c0.6

FIGURE 2: Moisture adsorption and desorption isotherms with
variation of water to cement ratios.

and the difference in moisture level between wetting and
drying always occurs due to the moisture entrapment
through the ink-bottle pores. However, at given humidity
level, degree of saturation decreases with w/c since the lower
w/c leads to the higher portion of small capillary pores. This
can imply that the higher the w/c is, the higher the amount of
water content can be adsorbed during wetting or desorbed
during drying.

3.2. Transport under Tidal Environment. To solve the non-
linear partial differential equations for the moisture and
chloride transport, MATLAB PDE toolbox was used for the
FEM analysis. Numerical calculation with convergence
criteria (i.e., below 107*) was carried out on a two-
dimensional rectangle domain with 4820 of the triangle
mesh and 0.1 days of time step. Then, one-dimensional
spatial values were obtained by interpolating the two-
dimensional simulation results through a straight line
from the concrete surface contacted with the ambient
condition to the interior of material.

Due to the fluctuation of sea level in the tidal zone,
moisture and chloride are transported into or out of the
concrete surface to distort the concentration distributions
with time. When the exposure condition changes from
wetting to drying in the medium tide level, corresponding
distributions of the moisture and chloride in concrete with
0.5 of w/c were calculated and depicted in Figure 3. As
shown in Figure 3, the chloride profile at the end of wetting
shows a steep increment in the concentration observed from
the concrete surface to about 4 mm of depth below which the
cover is nearly saturated. However, the chloride profile at the
end of drying shows lower concentration increment up to
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Total chloride content (% by cement)

Depth (mm)

—©— End of wet cycle (3 year - 0.2 days)
—©— End of dry cycle (3 year + 0.2 days)

()

Relative humidity (-)
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Depth (mm)

—©— End of wet cycle (3 year — 0.2 days)
—©— End of dry cycle (3 year + 0.2 days)

(b)

FIGURE 3: Change in concentration distributions of (a) chloride and (b) relative humidity during one cycle of drying process.

about 12mm of depth below which moisture evaporation
toward the concrete surface locally reduces the moisture
content. Hence, the maximum chloride concentration ac-
cumulated near the concrete surface due to the wet/dry cycles
is generated in the convection zone where the moisture intake
during wetting and loss during drying repeatedly occur [18].
As shown in Figure 3(b), the convection zone ranges from the
concrete surface to about 12mm. However, over the con-
vection zone, the chloride concentration generally decreases
with the penetration depth and the variation of moisture level
is relatively low. Thus, the convection zone occurs through the
concrete depth up to the position at the peak value of the
concentration generated after one cycle of drying. Simulta-
neously, the diffusion zone occurs from the end of the
convection zone to inner concrete depth where the chloride
transport is mostly governed by diffusion rather than con-
vection [19]. Moreover, as shown in Figure 3(a), the chloride
profile redistributed during drying always maintains higher
concentration through the inner concrete depth since the
higher concentration gradient in the convection zone gen-
erated during wetting could accelerate the ionic penetration
into the diffusion zone during drying.

To investigate the influences of the tide level and mix
condition on the chloride penetration in concrete, three
types of daily drying time and w/c were reflected in the
moisture and chloride profiles, respectively, as given in
Figures 4 and 5. In these cases, 0.5 of w/c was used as a mix
condition for the simulation in Figure 4, and the medium
tide level was used as a boundary condition for the simu-
lation in Figure 5.

As shown in Figure 4(a), the chloride profiles at the tidal
zone show lower concentrations at the surface, accounting

for 0.27-0.44% by cement which is about two times less than
that for the submerged zone due to the diffusion into the sea
water with lower concentration. However, the maximum
concentrations accumulated at the interface between con-
vection and diffusion zones exceed the surface concentration
obtained in the submerged condition by about 1.3-2.5 times
through 1-10 years, increasing with the tide level and ex-
posure time. Specially, as the tide level increases, the con-
centration at 50mm for 10 years increases from 0.45 to
0.74% by cement, which could lead to the higher risk of
chloride-induced corrosion [20] as compared to that for the
submerged condition. As shown in Figure 4(b), the maxi-
mum chloride concentration at the interface is shown to
increase with the moisture evaporation rate from the inner
concrete depth to the surface which is higher as the tide level
increases. As the moisture evaporation rate increases at the
same exposure time, more chloride sources can be accu-
mulated at the interface due to the increase in nonsaturated
porosity during drying [21] which can enhance the con-
vective flow in concrete to draw out the chloride concen-
tration in the diffusion zone to the convection zone at
a higher rate. Consequently, chloride penetration in concrete
is accelerated as tide level increases to elevate the concen-
tration gradient toward the inner depth, despite little var-
iation of water content through the diffusion zone.

As shown in Figure 5(a), chloride transport is highly
dependent on w/c, revealing that as w/c increases, chloride
concentration at the interface and the overall rate of ionic
penetration increase at the same exposure time. For ex-
ample, the maximum penetration depth for 0.4 of w/c in-
creases from about 16 to 30 mm from 1 to 3 years while that
for 0.6 of w/c increases from about 34 to over 50 mm for the
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FIGURE 4: Concentration distributions of (a) chloride and (b) relative humidity depending on tide level at 0.5 of the water to cement ratio.

same period. In general, the higher w/c leads to the higher
pore connectivity to decrease the tortuosity for the pathway
of mass transfer in concrete [22]. According to (5), the
tortuosity for 0.4, 0.5, and 0.6 of w/c was calculated to be 3.9,
3.2, and 2.9, respectively. Therefore, the increased moisture
permeability arose from the decreased tortuosity could
promote both the moisture permeation during wetting to
allow more chloride source into the concrete and moisture
evaporation during drying to enhance the concentration
buildup at the interface. Simultaneously, the fraction of large
capillary pores generally increases with w/c, as indicated in
Figure 1, which can also elevate the ionic diffusion rate [23]
due to the large increase in the water-filled porosity through
inner concrete depth. As shown in Figure 5(b), moisture
level over the diffusion zone for 0.6 of w/c is always higher
than that for 0.4 of w/c, implying that the higher rate of
chloride diffusion due to the increased water filled porosity
as well as the effective chloride diftusivity could enhance the
overall ionic penetration in nonsaturated concrete.

3.3. Service Life Assessment. To relate the influential factors
(i.e., tide level and w/c) to the service life of RC structures
built in tidal environment, the maximum chloride con-
centration at the interface, which largely depends on those
factors, was calculated and is depicted in Figure 6. Then, by
relating the maximum concentration to the onset of
chloride-induced corrosion, sensitivity analysis for de-
signing the minimum required cover depth was carried out
on those factors, which are depicted in Figure 7. In this case,
the steel corrosion in concrete was assumed to initiate at
which the chloride threshold level (CTL) reaches the steel
embedded depth (i.e., cover depth). For the CTL, 0.4% by
cement as a total chloride content [24] was used to all the
simulations since a large variation in the value, depending on
the detection method and chloride exposure condition, has
been reported [20].

As shown in Figure 6, all the maximum chloride con-
centrations were determined at drying with 10 days of in-
crements since more chloride sources penetrate into the
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FiGure 5: Concentration distributions of (a) chloride and (b) relative humidity depending on mix condition at medium tide level.

inner concrete depth after one cycle of wetting, as indicated
in Figure 3(a). As shown in Figure 6(a), chloride concen-
trations at the interface are distinctively increased with tide
level at the same exposure time while in Figure 6(b), the
concentration evolution depending on w/c is less significant.
For example, at 10 years of exposure time, the concentration
from the low to high tide increases from 1.6 to 2.3% by
cement, while that from the 0.4 to 0.6 of w/c only increases
from 1.8 to 2.1% by cement. Hence, the convective chloride
transport is more significant as the tide level increases than
the variation of w/c.

As shown in Figure 7, the minimum required cover depth,
defined as the depth with the CTL (ie., 0.4% by cement),
generally increases with the maximum chloride concentration
through all the factors. However, the increasing rate of cover
depth highly depends on the maximum concentration at the

interface. Before reaching about 1.2-1.8% by cement, the
cover depth in Figure 7(a) increases proportionally with the
concentration and then increases notably while the transient
increase in the cover depth in Figure 7(b) starts to occur at
about 1.4-1.6% by cement. The chloride concentration at the
transient increase of the cover depth would be the one at
which the chloride buildup at the interface becomes marginal
with time, generally observed over 1-2 years in Figure 6. Thus,
it can be inferred that after a certain amount of chloride
accumulate at the interface, chloride diffusion would control
the overall transport rate due to the large concentration
gradient, which are more sensitive to w/c than tide level. In
fact, as shown in Figure 7(b), the required cover depth for 10
years exposure to the medium tide level increases from 41.3 to
71.8 mm as w/c increases from 0.4 to 0.6, while at the same
time and mix condition (i.e., 0.5 w/c), the increment in the
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FIGURE 6: Concentration buildup at the interface between convection and diffusion zones depending on (a) tide level and (b) water to
cement ratio.
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FIGURE 7: Minimum required cover depth against chloride-induced corrosion depending on (a) tide level and (b) water to cement ratio.



Advances in Materials Science and Engineering

cover depth in Figure 7(a) shows a little variation from 52.9 to
59.6 mm with the tide level. Hence, to enhance the durability
of RC structures built in the tidal environment, lowering w/c
is primarily recommended otherwise regular maintenance,
for example, using the technique of electrochemical chloride
removal [25], to reduce the chloride content accumulated at
the interface may be essential.

4. Conclusion

The present study aims to assess the service life of concrete
structures exposed to the tidal zone with the proposed nu-
merical model for predicting the moisture and chloride
transport in concrete. As the influential factors of the service life,
three types of daily wet/dry durations in the tidal zone and water
to cement ratios in concrete mix were considered in the sim-
ulation. From the result, the following conclusion was drawn:

(1) Pore size distribution, obtained by fitting the R-R
density function to the cumulative porosity data in
the MIP, was used to determine the moisture per-
meability and degree of saturation in nonsaturated
concrete. Based on the pore size distribution, it was
found that the higher w/c in concrete mix leads to the
higher portion of large capillary pores and the lower
degree of saturation at given humidity level.

(2) Moisture and chloride distribution in concrete with
variations of the tide level and w/c was calculated
over 10 years of exposure period. As the tide level
increases, the moisture evaporation rate toward the
concrete surface increases to promote the chloride
buildup at the interface between convection and
diffusion zones and increases the rate of chloride
penetration into the concrete cover at the same ex-
posure time. Similarly, as w/c increases, the maxi-
mum chloride concentration at the interface
increases and simultaneously the rate of diffusion
increases due to the higher effective chloride diffu-
sivity and water-filled porosity, thereby increasing the
ionic penetration depth at the same exposure time.

(3) Sensitivity analysis of the service life to the tide level
and w/c was carried out on the calculated chloride
profiles over 10 years of exposure time. As a result, the
required cover depth at which the CTL reaches on the
steel embedment generally increases with the maxi-
mum concentration at the interface while the rate of
increase in the cover depth with concentration is much
higher when the w/c increases from the lowest to the
highest, as compared with those for the tide level.
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The study of compacted clay material under dynamic load coupled with dry-wet cycling is one of the most important areas in the
field of transportation. In this paper, experiments in terms of compacted clay under dynamic load coupled with dry-wet cycling
are performed, and synchronous resistivity tests are also conducted. According to the test results, the influences of cumulative
plastic strain, dry-wet cycles, and amplitudes on the soil resistivity are analyzed. Then a new damage factor based on resistivity is
proposed to evaluate the long-term performance of compacted clay material. The result of research shows that the evolution of the
soil resistivity can be divided into two stages, which has a contrary tendency with that of cumulative plastic strain. The dry-wet
cycles and amplitudes have a significant effect on the damage of the compacted soil, which indicates that the dry-wet cycling of
compacted soil materials should not be ignored in road engineering, especially in rainy and humid areas.

1. Introduction

Roadways and railways commonly consist of upper pave-
ment or ballast layers (track slab) over one or more silty clay
layers which are together compacted over a suitable soil
subgrade. As it is well known, compacted clay material
provides the most important structural element in the road
system because, in most cases, the cumulative deformation
phenomenon takes place mainly in the subgrade layer
causing progressive fatigue cracking of upper road layers
[1-3]. So, it is essential to control the long-term performance
of the subgrade so as to carry traffic safely, conveniently, and
economically during its entire lifespan. However, the sub-
grade suffers from the humidity change and variation of
temperature for a long term; besides, the cyclic traffic loads
and other climate also bring adverse effects on it. Therefore,
it is of great significance to study the long-term performance
and damage laws of compacted clay material under the
comprehensive effect of dynamic load and dry-wet cycling.

The damage of compacted soil is usually accompanied by
the change of soil structure, and the electric resistance can

reflect the feature of the composition of soil particles and
pore structure well. Thus, resistivity can be used in the study
of soil structure change and structural damage [4]. Archie
[5] first studied the relationship between soil resistivity
and its structure and proposed the soil structural factor-
resistivity structure factor F (formation resistivity factor).
Then, he established the exponential function relation be-
tween resistivity structure factor and sandy soil porosity.
Miao et al. [6, 7] investigated the resistivity characteristic of
cement-stabilized soil; the relationship between soil re-
sistivity and unconfined compressive strength, cement
mixing ratio, and age were obtained. Fukue and Liu et al.
[8-10] developed a geotechnical resistivity test system and
established the resistivity model of expansive soil and soft
soil structure, and they put forward an average apparent
structure factor concept for this type of soil. Subsequently,
Lin et al. [11] conducted indoor experiments on the re-
sistivity of loess, on the basis of which the influence of
contact pressure, temperature, and measurement frequency
on resistivity was studied and the variation rule of the re-
sistivity of loess was analyzed. However, the literature on
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TaBLE 1: Material properties of the compacted clay.

Natural water I;:rtllslirtal Saturated water  Plastic Liquid  Specific =~ Maximum dry =~ Optimum water Permeability
content (%) (g /cm;; content (%) limit (%) limit (%) gravity  density (g/cm3) content (%) (cm/s)
23.7 1.68 23.8 21.1 34.8 2.72 1.90 14.1 6.5e-7

TaBLE 2: Testing program of dynamic load coupled with dry-wet
cycling.

Parameters Values
Initial water content (%) 14.1
Number of drying-wetting cycles 0,2,49
Amplitude of drying-wetting cycles (+%) 0,2,4,6
Initial static deviatoric stress (kPa) 20
Confining pressure (kPa) 40
Amplitude of dynamic stress (kPa) 40
Loading frequency (Hz) 5
Number of loading cycles 10°

electric resistance tests on compacted clay material under
dynamic load coupled with dry-wet cycling is rarely pub-
lished. Therefore, experiments of dynamic load coupled with
dry-wet cycling are performed in this paper, and the syn-
chronous resistivity tests on compacted clay material are
conducted at the same time. According to the experimental
results, the evolution of resistivity with cumulative plastic
strain, dry-wet cycles, and amplitudes is analyzed, and then,
a damage factor based on resistivity is proposed to evaluate
the long-term performance of compacted clay material. The
study can provide a reference for the damage assessment of
the compacted subgrade soil under complex environment
and traffic loads.

2. Experimental Procedures

The experimental clay material was taken from Sanmenxia
along the Zhengxi Passenger Railway in China. The main
material characteristics are listed in Table 1. All the test
samples are reshaped in a cylinder-shaped sampler of 76 mm
in height and 38 mm in diameter. The samples are com-
pacted to an initial dry density of 1.81g/cm’ to meet the
compaction requirement’s degree of the specification [12].

In order to simulate the actual service condition of the
road subgrade under traffic loads and climate changes,
dynamic triaxial tests are conducted on the samples sub-
jected to different dry-wet cycles and amplitudes. Aimed at
simulating the field stress state of subgrade soil, the bias
consolidation of the soil samples is carried out under
a certain confining pressure for 15 hours before starting the
triaxial tests. The experimental scheme for the dynamic load
coupled with dry-wet cycling is designed and shown in Table
2. In fact, the testing program shown in Table 2 is designed
according to the practical road subgrades subjected to traffic
loads and climate changes. It is reported that the me-
chanical properties of compacted clay soil could finally tend
to stabilize after 8~10 dry-wet cycles. Thus, the maximum
number of drying-wetting cycles is fixed at 9 in this research.
Moreover, in terms of clay soil material, the maximum water

content of subgrades under climate changes is usually no
more than OWC+6% (here, OWC means the optimum
water content of subgrades). The maximum amplitude of
drying-wetting cycles is fixed at 6% in the experiment.
For the purpose of describing the damage state of
compacted clay material under dynamic load coupled with
dry-wet cycling, the soil sample resistivity is tested simul-
taneously with the dynamic triaxial test in this paper.
According to the principle of measurement, the resistivity
test method can be divided into the dipole method and the
quadrupole method [13], and the two kind of measuring
devices are shown in Figure 1. The quadrupole method
provides a certain voltage through a type AB electrode, the
resistance of soil sample can be obtained by the means of
measuring the voltage of MN electrode and the current in
the pathway, and then the soil sample resistivity will be
obtained through the resistivity calculation formula. The
dipole method is a special case that the electrode MN is
shared with the electrode AB in the quadrupole method.
When using the dipole method, the contact resistance will be
greater because of the poor contact with the electrode and
the soil sample; therefore, contact resistance size should be
determined before the formal test [14]. The quadrupole
method has the advantages of not considering the contact
resistance compared to the dipole method, but the mea-
suring electrode usually needs to be inserted into the soil
sample. Thus, it is not suitable for the measurement of
resistivity for which soil sample integrity requirements are
high. For this purpose, the dynamic triaxial apparatus is
upgraded and modified to satisfy the synchronous test re-
quirements of dynamic characteristics and resistivity of the
samples, as shown in Figure 2. In terms of the soil sample
integrity, circuit installation, and operability of instrument,
the dipole method is adopted to measure the soil sample
resistivity in this paper. The resistivity is collected by WD]JD-
4 multifunctional digital DC exciter, as shown in Figure 3.
It is noted that temperature can affect the soil resistivity
significantly; thus, the measured resistivity needs to be
corrected. In this paper, the resistivity tests are firstly carried
out at different temperatures to derive the temperature
correction curve, as shown in Figure 4. In order to eliminate
the effect of temperature, the resistivity of the soil sample in
the standard state is adopted uniformly in the following
analysis. According to the test results, the relationship be-
tween the resistivity of the standard state and the measured
resistivity can be described by using the following formula:

Pas = prll +a(T -25)], (1)

where p,; and p; are the soil sample resistivity of the
standard state (25°C) and the measured temperature, T (°C),
respectively. T is the experimental temperature, « is the
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FIGURE 1: Resistivity test method for the soil samples: (a) the quadrupole method and (b) the dipole method.
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temperature correction coefficient, and «a = 0.0207°C™" in
this paper based on the test results.

The measured resistivity is calculated by the following
equation:

(AU -AU,)S

, 2)
IL

Pr =
where AU is the voltage between the two electrodes, AU is
the initial potential difference, I is the current value of the
soil sample, and S and L are the surface area and height of the
soil sample, respectively.

3. Results and Discussion

Figure 5 shows the variations of the soil sample resistivity
and cumulative plastic strain with the number of loading
cycles. It can be seen from Figure 5 that the evolution of the
resistivity can be divided into two stages. The first stage is the
early stage of cyclic loading: the cumulative plastic strain of
soil sample increases rapidly and the resistivity decreases
greatly. With the growth of the accumulative plastic strain,
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FiGure 7: Effect of dry-wet cycling amplitudes on the soil sample
resistivity.

the soil sample resistivity further reduces and then reaches
the minimum value at a certain number of loading cycles.
The second stage is the late cyclic loading: the growth rate of
the accumulative plastic strain continues to decrease, and the
values of accumulative plastic strain gradually stabilize.
However, the soil sample resistivity increases inversely with
the increasing loading cycles. At the first stage, the native
micropores and microfractures of the soil sample gradually
close because of the initial loadings, which causes larger soil
compactness and better interconnectedness of pore water,
thus leading to the increase of conductive passage in the soil
sample [6]. When the resistivity reaches the minimum, the
repair of the internal defect of the soil sample reaches its
limit. At the second stage, the resistivity of the soil sample
increases inversely, which indicates that the cyclic load
causes new micropores or microcracks. The above results
show that the resistivity can reflect the damage state and the
process of damage evolution of the soil sample.

Figure 6 presents the variations of the soil sample re-
sistivity with the number of loading cycles for different dry-
wet cycles. It can be seen that the soil sample resistivity
decreases initially, increases with the increasing number of
loading cycles, and finally tends to stabilize, which are
consistent with the rule of Figure 5. It also can be observed
from Figure 6 that the soil sample resistivity increases
gradually with the increasing dry-wet cycles, which indicates
that the repeated dry-wet cycling can cause internal damage
of the soil sample, thus leading to the density decrease. The
effects of the dry-wet cycling amplitude on the soil sample
resistivity are investigated in Figure 7. It can be seen from
Figure 7 that the soil sample resistivity increases with the
increase of the dry-wet cycling amplitude. This indicates that
the different dry-wet cycling amplitudes can also cause
internal damage and reduce compactness of the clay soil
and thus results in a strength decreasing, which is consistent
with those results obtained by Liu et al. [15, 16]. Therefore,
the resistivity can be used to determine the strength of
compacted soil materials indirectly, and then the internal
damage of the subgrade under complex environment and
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load can also be evaluated by adopting the resistivity
measuring method.

In order to evaluate the damage property of compacted
clay soil materials quantitatively using the resistivity mea-
suring method, a damage factor based on resistivity is de-
fined by the following equation:

Po

Dp=1-p

(3)

where D, is the soil damage factor based on resistivity. Here,

D, is defined as a parameter to indicate the soil degradation.
The bigger the parameter, the more serious the damage is. p,
is the resistivity of the nondestructive soil sample. Here, the
samples not experiencing the dynamic load coupled with
dry-wet cycling are considered as nondestructive soil. p is the
resistivity of the damage soil.

According to the above definition, the resistivity of the
nondestructive soil sample can be measured, p, = 19.07 Qm
in this paper. By employing (3), the damage characteristics of
compacted soil materials under the dynamic load coupled
with dry-wet cycling can be evaluated and analyzed. The
measured sample resistivity increases with the increasing
number and amplitude of drying-wetting cycles, but no
more than 20.95 Qm in this paper. Therefore, the values of
the damage factor defined in (3) vary from 0 to 0.1, as far as
Sanmenxia clay material is concerned. The variations in the
damage factor of compacted soil with the dry-wet cycles and
amplitudes are presented in Figures 8 and 9, respectively. As

can be seen from Figure 8 that when there is a small number
of dry-wet cycles, the damage factor increases dramatically
with increasing dry-wet cycles. However, when the number
of dry-wet cycles exceeds 4, the effect of the dry-wet cycles on
the damage factor becomes relatively slight. This indicates
that the long-term performance of compacted soil will tend
to be stable after a certain number of dry-wet cycles. It can be
observed from Figure 9 that the damage factor increases
almost linearly with the increase of the dry-wet amplitudes.
This result reveals that the dry-wet amplitudes have a sig-
nificant effect on the damage of the compacted soil. The
dry-wet cycling of compacted soil materials should not be
ignored in road engineering, especially in rainy and humid
areas.

4. Conclusions

In this paper, a series of experiments of dynamic load
coupled with dry-wet cycling are performed, and the syn-
chronous resistivity tests on compacted clay material are
conducted. The influences of cumulative plastic strain, dry-
wet cycles, and amplitudes on the soil resistivity are ana-
lyzed. Furthermore, a new damage factor based on resistivity
is proposed to evaluate the long-term performance of
compacted clay material. The main conclusions of this study
can be summarized as follows:

(1) The evolution of the soil resistivity can be divided
into two stages. The first stage is the early stage of
cyclic loading: the cumulative plastic strain of soil
sample increases rapidly and the resistivity decreases
greatly. The second stage is the late cyclic loading: the
soil sample resistivity increases inversely with the
increasing loading cycles. It shows that the resistivity
can reflect the damage state and the process of
damage evolution of compacted clay material.

(2) The repeated dry-wet cycling can cause internal
damage of the soil sample, thus leading to the density
decrease. Therefore, the resistivity can be used to
determine the strength of compacted soil materials
indirectly, and then the internal damage of the
subgrade under complex environment and load can
also be evaluated by adopting the resistivity mea-
suring method.

(3) The dry-wet cycles and amplitudes have a significant
effect on the damage of the compacted soil, which
indicates that the dry-wet cycling of compacted soil
materials should not be ignored in road engineering,
especially in rainy and humid areas.
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The corrosion risk of internal chloride and external chloride from three different exposure conditions was evaluated. The initiation
of corrosion was detected by monitoring the galvanic current between cathode metal and embedded steel. The chloride threshold
was determined by measuring the corrosion rate of steel by the polarization technique for internal chloride and the chloride
profiling test for external chloride. As the result, the initiation of corrosion was accelerated with a cyclic wet/dry condition,
compared to the totally wet condition. In addition, it was found that an increase of the drying ratio in the exposure condition
resulted in an increase of corrosion rate after initiation. The threshold level of external chloride ranged from 0.2 to 0.3% weight by
cement and internal chloride shows higher range, equated to 1.59-3.10%. Based on these data, the chloride penetration with

exposure condition was predicted to determine the service life of reinforced concrete structure.

1. Introduction

There is a general agreement that embedded steel in concrete
forms a passive film on the surface and protects the steel
against corrosion. The passive film is preserved by high
alkalinity in concrete; however, breakdown of passive film
occurs when the concentration of chloride at the vicinity of
steel exceeds the chloride threshold level (CTL) [1]. Owing to
this problem, various studies have been carried out to predict
chloride transport according to exposure conditions because
precise prediction of chloride transport leads to an en-
hancement of the accuracy of life cycle prediction. The
determination of the CTL is another crucial factor influ-
encing on the service life prediction [2]. It is known that the
CTL changes with various conditions, such as chloride
source, exposure condition, and mixing materials; however,
the CTL used in service life prediction is conservative, ac-
counting for 0.2-0.4% by weight of cements [3, 4]. The main
reason for this may be attributed to the absence of exact test
methods for defining the CTL, of which the complexity
moreover depends on the test methods. In previous studies,
due to the convenience of experiment and time-saving,

several experiments were conducted to determine the
CTL with the steel directly immersed in solution [5, 6] or
with admixed chloride [7-9]. In the case of the solution test,
the results show that the corrosion of steel initiated in a small
amount of chloride, which seems to be unrealistic in that it
did not consider the corrosion resistance of concrete. For the
chloride admixed test, the CTL varied from 0.1 to 1.0% by
weight of the binder; however, it could not fully cover the
real condition of reinforced concrete structure exposed to
chloride environment. Experiments with external chloride
were also conducted with long-time immersed specimens,
but considering diverse exposure condition is deficient
[10-12]. Hence, it is necessary to define the CTL depending
on the chloride sources and consequently to evaluate the
corrosion risk of reinforced concrete structure.

The present study discussed about the corrosion risk and
CTL for both internal chloride and external chloride. The
influence of internal chloride was evaluated by measuring the
corrosion current density for 100 days by the polarization
technique. For external chloride, the initiation of corrosion
with three different exposure conditions was detected by
monitoring the galvanic current, and then, the chloride
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penetration rate was evaluated to determine the CTL. Sub-
sequently, the CTL was applied to the service life prediction to
evaluate the corrosion resistance of the structure.

2. Experimental Work

In this paper, corrosion initiation induced by internal
chloride and external chloride was evaluated. For the ex-
periments, mortar specimens were made to reduce the size
while considering the influence of the aggregate in the
corrosion process. The mix proportion was 1.00:4.00:2.46
for ordinary Portland cement, deionized water, and sand
(maximum size was 15mm). The experimental details for
both internal/external chloride specimens and corrosion
measuring method are stated as follows.

2.1. Chloride Admixed Specimens. Six levels of chloride were
admixed in mixing water as NaCl: 0.2, 0.5, 1.0, 1.5, 2.0, and
3.0% by weight of cement. The mortar specimens were cast
in a cylinder mould (@40 x 80 mm) with a smooth steel rebar
(@10 x 80 mm) placed in the center of the specimen. In the
process of demoulding, the cement paste (0.25 of w/c ratio)
was covered on the end of the steel bars to ensure the
protection of corrosion at the exposed part. After then, an
epoxy resin was coated at the top and bottom so that ions
and current can pass only through the sides. To achieve
enough hydration degree and high relative humidity in
a pore matrix, the specimens were cured for 28 days in
a controlled chamber at 25+ 1°C and 95 +2% relative hu-
midity. This curing condition was equally applied to external
chloride specimens. After 28 days of curing, the corrosion
current density of embedded steel was monitored by the
polarization technique.

2.2. Immersed Specimens. Profile specimens and corrosion
test specimens were prepared separately to detect the cor-
rosion initiation of steel and determine the CTL. The same
cylindrical mortar specimens (@40 x80mm) containing
a smooth steel rebar (@10 x 80mm) were fabricated for
corrosion measurement, without any admixed chloride. For
the chloride profile test, a mortar disc (@100 x 50 mm) was
cast and coated, immediately after demoulding, by epoxy
resin except the top of the specimen to drive one-
dimensional chloride transport. All the specimens were
cured in a chamber for 28 days and then exposed to the
chloride. Considering the tidal environment, it was classified
into three types of exposure condition, that is, 2 days of
wetting (immersed)/8 days of drying (to which will be re-
ferred as 2w/8d), 5 days of wetting/5 days of drying (5w/5d),
and totally immersed (10w). At the immersion stage, the
specimens were kept in 1 M NaCl solution at 25+2°C of
ambient temperature and stored in a chamber under the dry
condition (25 + 1°C and 30% related humidity). The galvanic
current of the embedded steel was measured every 10 days to
observe the corrosion initiation.

2.3. Chloride Profile. The chloride profile was obtained from
the dust samples collected by grinding the mortar surface in
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5.0 mm depth increments to 30.0 mm. The free chloride in
each sample was extracted by stirring for 5 minutes in a 50°C
of deionized water and measured by chloride ion-selective
electrode manufactured from Orion™. To determine the
surface chloride concentration and diffusion coefficient, the
measured chloride concentration data were used to solve
Fick’s second law of diffusion. Fick’s second law in a semi-
infinite space is represented as follows:

C(x, t) x
C —erf[zﬁ], (1)

where C(x, t) is the chloride concentration at depth x after
time ¢ (s), C is the surface chloride concentration (%/ m?), D
is the apparent diffusion coefficient (m?/s), x is the depth
from the surface (m), and ¢ is the time of exposure (s). To
determine the CTL of immersed specimens, the profile data
were obtained at the time when the corrosion initiation was
detected by the galvanic current test.

S

2.4. Corrosion Measurement. The corrosion initiation was
detected by measuring the current flow between the em-
bedded steel and cathode metal (titanium mesh). The
specimens were placed with a cylindrical titanium mesh in
1M sodium hydroxide solution (Figure 1(a)). Although
galvanic current measurements did not reveal the quanti-
tative corrosion rate, it is possible to deduce the time of
corrosion initiation through the time when the current
increases sharply. The galvanic current was determined by
calculating the measured potential difference across 10 kQ
resistor, using Ohm’s law.

Linear polarization resistance (LPR) measurement was
conducted to observe the corrosion current of steel. The
schematic diagram of the electrical circuit of the polarization
technique is shown in Figure 1(b). The mortar specimen was
immersed in 1M sodium hydroxide solution, and two
electrodes (counter and reference electrodes) were arranged
and connected with the instrument in the solution. The
standard saturated calomel electrode (SCE) and carbon
electrode were used as the reference electrode and counter
electrode, respectively. Reference 600 from Gamry In-
strument was used as the potentiostat. The LPR measure-
ments were performed by applying a potential signal ranged
from +20mV about E_ .. at 0.2mV/s of the scan rate and
measuring the current response. Then, the corrosion current
was calculated by the equation as follows:

o _AE
PAT
(2)
I - B
corr — p
RP

where R, is the polarization resistance (Q2), AE is the change
in potential (V), AI is the change in current (A), I, is the
corrosion current (A), and B is the Stern-Geary constant.
The Stern-Geary constant should be determined empirically;
however, it was generally assumed to be 26 mV for active and
52 mV for passive state of steel [13]. I .. was converted to the
corrosion rate to surface area of the steel rebar.
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FIGURE 1: Schematic of the experimental setup of (a) galvanic cell monitoring and (b) LPR measurement.
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FIGURE 2: Galvanic current monitoring with different wet time
proportions.

3. Result and Discussion

3.1. Corrosion Initiation. The corrosion initiation of steel in
mortar, exposed to different exposure conditions, was de-
termined by monitoring the galvanic current, as shown in
Figure 2. At the beginning of the monitoring, a relatively low
galvanic current value appeared, irrespective of the exposure

condition. This convinced that the steel in the mortar
specimen was free from corrosion (passivated). The corro-
sion initiation time was varied depending on the exposure
condition. The 2w/8d specimen indicated no remarkable
change until 40 days and subsequently increased up to about
6 uA. The increased current remained steadily thereafter.
5w/5d and 10w specimens showed a sharp increase of
current at 90 and 160 days, respectively. And the current of
the 10w specimen was increased up to 1.3 yA at 60 days and
then was decreased at 80 days. This result could be supposed
as an initiation of localized corrosion and repassivation,
though the interpretation of repassivation in galvanic cur-
rent measurement is still controversial.

Figure 3 shows the changes in the corrosion current
density of embedded steel, derived by LPR measurement.
According to the previous studies, corrosion current density
over 0.1 uA/cm” was identified as the depassivation of steel
[14, 15]. Compared with the galvanic current test results, the
corrosion of steel in mortar, subjected to different exposure
conditions, initiated at similar or later time. For example, the
2w/8d specimen showed a corrosion current density value
higher than 0.1 yA/cm” after 60 days and gradually increased
after that. The 5w/5d specimen required 90 days to exceed
0.1 yA/cm* and 170 days for the 10w specimen. After 300
days, the current density of each specimen was converged to
a constant value, accounting for 30, 8.0, and 0.5 yA/cm” for
2w/8d, 5w/d, and 10w specimens, respectively. It is pre-
sumed that the higher corrosion current density of steel,
resulting from cyclic wetting and drying exposure condi-
tions, is due to the higher penetration rate of both chloride
and oxygen [16]. Thus, it is evident that high drying ratio
accelerates the corrosion initiation time and increases the
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FiGure 3: Changes in corrosion current density of the specimen
exposed to the external chloride.

corrosion current density in the corrosion propagation
phase. This acceleration of corrosion, consequently, may
cause a hazardous defect on the marine-reinforced structure,
especially exposed to high tide level. Thus, a totally im-
mersed condition imposes a higher CTL of concrete than
that exposed to a cyclic wet/dry condition.

3.2. Chloride Threshold Level. To evaluate the influence of
internal chloride on the corrosion rate, the corrosion current
density was monitored for 100 days. The average corrosion
current density was obtained by integrating the measured
current density and dividing it by the total number of days to
measure. The average corrosion current density of the steel
bar in the mortar specimen as a function of the concentration
of admixed chloride (total chloride) is depicted in Figure 4.
The average corrosion current density showed exponential
increase in total chloride. The CTL ranged from 1.74-2.46%
of the total chloride content for 0.1-0.2 uA/cm®. From the
prior research, Alonso et al. [14] show a similar CTL ranged
from 1.24 to 3.08, and Hope and Ip [8] reported relatively low
CTL ranged from 0.92 to 1.35. However, the CTL prescribed
by the British Standard or ACI is 0.4 or 0.2% by the weight of
cement, and it is significantly lower than this result [17, 18].
This difference may be due to the variation of chloride binding
capacity arising from chloride source. In pore solution, free
chloride chemically reacted with the hydration products of
C;A or C4AF into Friedel’s salt at the early hydration process.
The formation of Friedels salt could remove the free chloride
in the pore solution, which participates in the corrosion
process. In fact, the formation of Friedel’s salt reduced in the
external chloride condition since the chloride penetrates after
hydration of the cement proceeds [19, 20]. From a literature
review on real structures, the CTL was moreover produced in
a wide range, accounting for about 0.2-1.5%, presumably due
to environmental influencing factors to corrosiveness of steel,
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FIGURE 4: Changes in corrosion current density of the specimen
with chloride in cast.

such as relative humidity, moisture level in concrete, and
temperature [21, 22]. Thus, it seems very difficult to empir-
ically determine the CTL from real structures, with no ad-
justment of environmental factors.

The chloride profile with different exposure conditions
was conducted at the time when the corrosion initiation was
observed (at 40, 90, and 160 days), as shown in Figures
5(a)-5(c). The calculated surface chloride and apparent dif-
fusion coefficient are stated in Table 1. It was found that an
increase in the drying ratio resulted in an increase of the total
penetrated chloride concentration through all depths from
the surface. When the specimen is exposed to dry conditions,
the water saturation in the pore decreases and, therefore, the
chloride transport is dominated by both diffusion and ab-
sorption, particularly at the outer section. Therefore, as the
transportation rate of chloride ions induced by absorption is
generally higher than diffusion, the 2w/8d specimen shows
the highest amount of chloride penetration throughout the
depth from the exposed surface. Liam et al. and TWRL
[23, 24] reported the rapid penetration of chloride ions as the
drying ratio increases; however, they showed relatively high
surface chloride concentration, ranged from 1.66 to 4.42%
by weight of cement. The long-term exposure to the chloride
environment may result in further accumulation of chloride
ions at the surface, induced by salt crystallization by drying.
Comparing the profile data at the time of corrosion initi-
ation, 2w/8d and 5w/5d specimens show a similar amount of
the total chloride content at the steel depth (Figure 5(d)).
Since the cover depth of the specimen was 15 mm, the CTL
for 2w/8d and 5w/5d specimens is about 0.2% which is
similar to the BS and ACI standards, while the CTL of 10w is
about 0.3%.
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TaBLE 1: Surface chloride and apparent chloride diffusion coeflicients at 40, 90, and 160 days.

» 40 days 90 days 160 days
Exposure condition 2 2 2
C, (%) D (m</s) C, (%) D (m“/s) C, (%) D (m</s)
2w/8d 1.93 11.19* 2.19 8.72" 2.49 7.18%
5w/5d 1.88 7.13* 2.09 5.12* 2.38 410"
10w 1.71 6.26" 1.87 4.46* 2.30 3.54*

*x107'2,



3.3. Life Cycle Prediction. In service life prediction, although
the CTL of external chloride is lower than that of internal, it
is difficult to determine the corrosion risk according to the
chloride source. External chloride takes time to penetrate
until steel depth, and increase of cover depth can delay it. On
the other hand, internal chloride has a risk of rebar corrosion
immediately after casting because it is always present nearby
the steel. In addition, quantification of the total chloride
content which exists in mixing materials (e.g., water, sand,
and gravel) is knotty. Accordingly, in this paper, the chloride
penetration and service life prediction were conducted only
for external chloride.

To predict the chloride penetration, subsequently to
predict the service life, time dependency of chloride
transport should be considered [25]. Generally, the chloride
transport in concrete was extrapolated based on Fick’s law of
one-dimensional diffusion with constant diffusivity. It
contains some basic assumptions of that (1) the concrete is
exposed on the constant chloride concentration and (2) the
pore matrix is homogeneous; that is, it shows an identical
diffusivity throughout the concrete at the same time.
However, from Tang and Nilsson [26], chloride diffusion
coefficients at early age decreased with time and they
mathematically expressed the reduction, taking into account
the time dependency, as follows:

D(t) = Dref(tref)m>

Tt

3
In (D (1)) ©

" In (Dref) (tref/t))

where m is the age factor and D, and D(t) are chloride
diffusion coefficients at the exposure time of t,; and t,
respectively. Based on the experimental results, the apparent
diffusion coefficient at 40 days was used as D,, and m was
calculated by (3), corresponding to the values of 0.3208,
0.3473, and 0.3468 for 2w/8d, 5w/5d, and 10w, respectively.
In the previous studies [27, 28] and life cycle prediction
programs (Life 365, DuraCrete 2000), the recommended
value of m varies from 0.2 to 0.55. Therefore, the obtained
values of m were considered to be an appropriate value.
Using these age factors, the chloride transportation was
predicted with time-dependent diffusion coefficient, as
shown in Figure 6. For the boundary condition of the
prediction model, the chloride concentration at the exposed
surface was set to 1.0 M and the cover depth was 50 mm. It
was evident that a decrease in drying ratio increases the
required time of chloride transport to reach up to CTL at the
specified cover depth. The service life was predicted as 2.35,
4.73, and 13.1 years for 2w/8d, 5w/5d, and 10w, respectively.
In particular, the predicted service life of 2w/8d and 10w was
clearly different because the CTL of 2w/8d is lower than 10w
and the chloride transport rate of 2w/8d is basically high.
Thus, it is evident that the corrosion initiation is likely to be
promoted in the marine structures exposed to the high
drying ratio condition, that is, high tide level. Furthermore,
reminding that an increase in the drying ratio increases the
corrosion rate after corrosion initiation, it is expected that
the deterioration of the structure, induced by chloride
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propagation, will be accelerated. When it comes to a con-
servative value for the CTL (i.e., 0.4%), the predicted
corrosion-free life could be enormously increased up to 13.0,
16.8, and 26.1 years for 2w/8d, 5w/5d, and 10w, respectively.
It suggests that the CTL would be a crucial factor to govern
the service life of concrete structures exposed to a salt en-
vironment. The difference in the CTL in terms of the cor-
rosion resistance from experiment and real structures would
arise from the reactivity in the cathodic region on the steel
surface. In wet and dry cyclic environments (i.e., in the
present study), oxygen and water could percolate the con-
crete to the depth of the steel, depending on the duration of
exposure to the atmospheric condition. Thus, cathodic re-
action could accompany the anodic process on the steel
surface, leading to accelerate the corrosion process. In turn,
the corrosiveness would be rapidly developed, producing the
lower CTL. However, in the real structure, the penetrability
of cathodic agents may be limited, in particular, to the depth
of the steel: the cover depth usually exceeds 50-100 mm in
a marine environment, and thus, the access of oxygen and
water is restricted to the steel. Substantially, the corro-
siveness would be retarded by limited cathodic reaction on
the steel surface, thereby producing the increased corrosion
resistance in terms of the higher CTL.

4. Conclusion

In the present study, the corrosion risk of reinforced con-
crete structure arising from internal chloride and external
chloride was evaluated. The corrosion rate was monitored,
and the chloride transport was analyzed to determine the
CTL according to the chloride source. In addition, in the
case of external chloride, the service life prediction was
conducted with different exposure conditions. The con-
clusions derived from the experimental works are as follows:
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(1) As the results of the monitoring of the galvanic
currents, the corrosion initiation was greatly affected
by the exposure condition. The wet/dry condition
accelerates the onset of corrosion than the totally wet
condition, presumably due to the increased pene-
tration of oxygen and chloride.

(2) The measurement of LPR gave an informative data to
decide the CTL depending on the chloride source.
Internal chloride showed higher CTL than external
chloride, which is thought to be caused by the re-
duction of the amount of free chloride, participating
in the corrosion process, by chloride binding in the
initial hydration stage.

(3) The dry ratio of the exposure condition increases the
corrosion rate after the initiation of corrosion. Ac-
cordingly, it is expected that the corrosion propa-
gation will be promoted in marine structure exposed
to high tide level.

(4) Consequently, a dramatical decrease of service life was
predicted in structures exposed to high tide level.
Also, since the corrosion propagation rate is high,
accelerated defects of structural behavior are expected.
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In recent years, several studies have investigated the sliding slab track for railway bridges. In the design of sliding slab tracks, one of
the most important considerations is to evaluate the shear capacity of the lateral supporting concrete blocks in which dowel rebars
are embedded. The predictions of the dowel behavior of rebars by existing models are considerably different. Therefore, in this
study, the actual dowel behavior of the rebars embedded in a small concrete block was extensively investigated through ex-
periments. Test variables were concrete compressive strength, dowel rebar diameter and yield strength, specimen thickness, and
dowel rebar spacing. Existing model predictions were considerably different from test results. The maximum dowel force in-
creased as concrete compressive strength and dowel rebar diameter increased, while it did not increase considerably with other test
variables. Unlike in existing models, the shear slip at the maximum dowel force decreased as the dowel rebar diameter increased.
Existing models significantly underestimated the maximum dowel force of the dowel rebars with small diameters and over-
estimated it for the dowel rebars with large diameters. This work can be useful for developing a more rational model to represent

the actual dowel behavior of the rebars embedded in small concrete blocks.

1. Introduction

Modern railway bridges are equipped with continuously
welded rails (CWRs) without any seams to improve riding
comfort and the high-speed driving of a train. In such
railway bridges, additional axial stresses can be caused on
rails owing to the expansion and contraction of the bridge
structure because of temperature change. This behavior is
referred to as the track-bridge interaction. Simply supported
railway bridges with short spans have been commonly
adopted to suppress this effect. The interaction effect should
be carefully controlled through special types of fasteners or
rail expansion joints in the case of long span bridges.
However, the effectiveness of these methods is limited, and

they may cause additional problems such as maintenance
issues.

Recently, Lee et al. [1] conducted preliminary research
on the design of a sliding slab track, in which a low friction
sliding layer is placed between the bottom of a slab track
and the top of a bridge deck as an alternative method of
reducing track-bridge interaction. The sliding slab track
system separates the longitudinal behavior of the concrete
slab track and bridge deck to prevent the longitudinal
displacement due to the temperature expansion and con-
traction of the bridge from being transmitted to the CWR
through the slab track. Lee et al. [2, 3] reported that the
additional axial stress along the rail due to the track-bridge
interaction effect was reduced by 80-90% when the sliding
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FIGURE 1: Perspective view of sliding slab track including lateral supporting blocks.

TaBLE 1: Summary of design specifications and previous models for dowel behavior of rebar.

Model

Equations

Soroushian et al. [5]

D(s) = D, (s/smaX)O'S

Dy = 0.5 1, (0.37yd,, —c)* +
0.45fdp (1~ TZ/T§)/y
Spax = 243 % 107°D,_+0.24 mm,

where f, = 37.6\f//d, y = E/K,d,

K =271.7 MPa/mm, and ¢ = 0.05f d,/ f/

Randl [11]

(i) Detailed model
Dy = Prmaxd [(0.46L/dy) + (0.187 fydy/ Prnax L)
= 0.005 (dy/L)* (fy/Prmax)’)s
where p,.. =3 ~ 4timesof f .. L = ~/ (4E.I/500d})
(ii) Simple model
Dmax = l'SAS\/f—y Vfcwm’

where f ., is compressive strength of concrete cube

MC10 [12]

D(s)=D,. (s/s...)*°

max max

Dmax = Kz,maxAs fcofy < (Asfy/\/g)’ where
< 1.6 for C20~C50 concrete s, is 1~2 times
the dowel rebar diameter

KZ,max

track system was adopted, as compared to the conventional
slab track system.

As bridges and concrete slab tracks are separated from
each other by sliding layers, it is necessary to implement
supporting structures for resisting lateral load, which is
caused by a train nosing force, lateral wind, centrifugal loads
along curved railways, and temperature change in curved
rails. Figure 1 is a conceptual drawing of a sliding slab track
including a bridge deck, a sliding layer, and lateral sup-
porting concrete blocks. As shown in the figure, several

rebars are installed in the lateral supporting concrete blocks
so that they can resist lateral load through the dowel be-
havior of the rebars.

For the design of lateral supporting concrete blocks, Lee
et al. [4] employed an existing model [5, 6] to consider the
lateral load that can be resisted by the dowel behavior of
rebars. Even though the structural behavior of dowel rebars
is the primary issue in the design, experimental verification
is relatively limited for the dowel behavior of rebars in
a small concrete member such as a lateral supporting
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F1GURE 2: Comparison of existing models for the maximum dowel force: (a) effect of concrete compressive strength; (b) effect of rebar yield

strength.
TABLE 2: Summary of test specimens for dowel behavior of rebar.

Specimen Concrete compressive Dowel rebar yield Dowel rebar Dowel rebar Specimen

strength (MPa) strength (MPa) diameter (mm) spacing (mm) thickness (mm)
NC-N13-200 30 400 12.7 200 150
NC-N19-150 30 400 19.05 150 150
NC-N19-200 30 400 19.05 200 150
NC-N19-250 30 400 19.05 250 150
NC-N25-200 30 400 254 200 150
NC-H13-200 30 600 12.7 200 150
NC-H19-200 30 600 19.05 200 150
NC-H25-200 30 600 25.4 200 150
HC-N13-200 60 400 12.7 200 150
HC-N19-200 60 400 19.05 200 150
HC-N25-200 60 400 25.4 200 150
HC-H13-200 60 600 12.7 200 150
HC-H19-150 60 600 19.05 150 150
HC-H19-200 60 600 19.05 200 150
HC-H19-250 60 600 19.05 250 150
HC-H25-200 60 600 25.4 200 150
NC-N19-200-2 30 400 19.05 200 200
NC-N19-200-2.5 30 400 19.05 200 250
concrete block. Several studies experimentally investigated NC-N19-150

the dowel behavior of rebars; however, only one side of the
rebars was embedded in concrete [7, 8] or dowel behavior
was not perfectly extracted because of shear friction along
the concrete interface [9, 10]. In addition, several models
have been presented in the literature [5, 11, 12]; however, the
predictions of the dowel behavior of rebars by these models
are considerably different.

Therefore, in this study, the actual dowel behavior of the
rebars in a small concrete member is investigated through an
extensive experimental program, focusing on the dowel
behavior against concrete core [5], which is dominated by

Concrete strength Rebar yield strength Rebar diameter

NC: 30 MPa N:400 MPa

HC: 60 MPa H: 600 MPa Rebar spacing

F1GUre 3: Test variables for dowel behavior of rebar in concrete.

concrete bearing strength, and not against concrete cover,
which includes splitting cracks [6]. The effects of test var-
iables on dowel behavior are examined based on experi-
mental results. In addition, the applicability of existing
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models is investigated by comparing the experimental re-
sults with model predictions.

2. Existing Models for Dowel Behavior of Rebars

The existing models [5, 11, 12] used to theoretically in-
vestigate the dowel behavior of the rebars embedded in
concrete are summarized in Table 1. It is noted that only
models that describe the dowel behavior of rebars against
concrete core have been considered. As given in the table,
MCI10 [12] and Soroushian et al. [5] described the dowel
force-shear slip response while Randl [11] analyzed only the
maximum dowel force. The primary parameters considered
in the models were concrete compressive strength, dowel
rebar yield strength, and dowel rebar diameter. The model
presented in MCI10 is extremely similar to Randl’s simple
model, while the model proposed by Soroushian et al. is
different because it is based on the bearing strength of the
concrete under dowel rebars [13]. Randl’s detailed model
also considers the bearing strength of concrete; however, it is
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FIGURE 5: Instrumentations to measure dowel behavior of rebar.

TaBLE 3: Properties of dowel rebar.

. Nominal Measured
Nominal eld el .
Notation diameter e Yield Tensile
strength strength strength
(mm)
(MPa) (MPa) (MPa)
N13 12.7 400.0 510.9 624.8
N19 19.1 400.0 549.5 617.0
N25 254 400.0 539.0 689.6
H13 12.7 600.0 715.8 740.3
H19 19.1 600.0 686.9 778.2
H25 254 600.0 668.6 822.6

fundamentally based on the deformed shape of the dowel
rebar embedded in concrete.

Figure 2 shows the maximum dowel force evaluated
using existing models to investigate the effect of two
primary parameters (concrete and rebar strengths) on the
dowel behavior of rebars. It is noted that a value of 1.6 was
used for «, .. to consider the upper limit reported by
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FIGURE 6: Test setup.

MCI10 [12]. As seen in the figures, the models proposed by
MC10 [12] and Randl [11] provide similar predictions of
the maximum dowel force and its variation with concrete
compressive strength or dowel rebar yield strength. On the
contrary, the maximum dowel force predicted by Sor-
oushian et al.’s model is lower than that predicted by other
models. This trend is more evident when concrete com-
pressive strength is increased. As verifications conducted
in literature have typically focused on normal strength
materials [5, 11], additional experiments should be con-
ducted to investigate the dowel behavior of the rebars
embedded in concrete, particularly when concrete with
high compressive strength (larger than 50 MPa) or dowel
rebars with high yield strength (larger than 400 MPa) are
used.

3. Test Program for Dowel Behavior of
Rebars in Concrete

In this study, an extensive experimental program was con-
ducted to investigate the dowel behavior of the rebars in a small
concrete member. The test variables considered in the program
were concrete compressive strength, rebar yield strength, rebar
diameter, concrete specimen thickness, and rebar spacing. This
section provides an overview of the program.

3.1. Summary of Test Specimens

3.1.1. Test Variables. Concrete compressive strength, rebar
yield strength, and rebar diameter were considered as the
primary test variables because they have been typically
considered in literature [5, 11, 12]. Two target com-
pressive strengths for concrete were considered, that is, 30
and 60 MPa, because a concrete compressive strength of
30 MPa has been adopted for slabs in sliding slab tracks
where a concrete anchor block with dowel bars would be

FIGURe 7: Typical failure mode of the test specimens. (a) Front
view. (b) Left side. (c) Right side.
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FIGURE 8: Shear slip-dowel force response, NC-200 series. (a) NC-N13-200. (b) NC-N19-200. (¢) NC-N25-200.

embedded. In addition, 60 MPa was considered because
high strength concrete would be adopted in future. Yield
strengths of 400 MPa and 600 MPa were considered
for the dowel rebar. Three kinds of nominal rebar di-
ameters were considered, that is, 12.7, 19.1, and 25.4 mm.
In addition to the primary test variables, the effects of
concrete specimen thickness and dowel rebar spacing
were considered.

The test specimens were designed based on the speci-
mens used in previous studies [5]. In the test specimens,
several cases were considered for the spacing of the dowel
bars, according to the rebar arrangement in the concrete
decks of railway bridges. Hence, considering that the lon-
gitudinal and lateral rebar spacings in the concrete deck are
generally 150 mm, the thickness of the specimen and the

spacing of the dowel rebar in the specimens were set as 150,
200, or 250 mm.

The details of the test variables are provided in Table 2
and Figure 3.

3.1.2. Details of Test Specimens. Considering the test vari-
ables, the shape of the specimen including the dowel rebar
arrangement is presented in Figure 4. As shown in the figure,
to eliminate the contribution of concrete friction along the
concrete interface, a smooth thin plate with a thickness of
0.2mm is installed in the specimens, along the direction of
applied load. Two dowel rebars are arranged through the

thin plate so that only the rebars can contribute against the
applied load.
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TaBLE 4: Comparison on the maximum dowel force.

Specimen Test Soroushian et al. Randle (detailed) Randle (simple) MC10
NC-N13-200 39.3 21.1 26.4 25.8 27.7
NC-N19-150 47.4 48.3 60.3 58.2 63.2
NC-N19-200 51.2 48.3 60.3 58.2 63.2
NC-N19-250 56.0 48.3 60.3 58.2 63.2
NC-N25-200 70.6 84.7 107.1 101.4 112.2
NC-H13-200 46.4 26.5 31.3 29.3 32.8
NC-H19-200 55.6 57.3 67.4 64.0 70.7
NC-H25-200 73.5 100.9 119.2 111.6 125.0
HC-N13-200 65.8 24.6 38.0 442 40.2
HC-N19-200 66.1 53.9 87.6 95.9 91.8
HC-N25-200 99.8 92.4 155.4 164.1 162.9
HC-H13-200 60.8 30.0 45.4 47.9 46.2
HC-H19-150 81.6 62.9 97.9 102.1 102.6
HC-H19-200 85.2 62.9 97.9 102.1 102.6
HC-H19-250 77.5 62.9 97.9 102.1 102.6
HC-H25-200 99.1 108.7 173.1 175.1 181.5
NC-N19-200-2 54.5 48.3 60.3 58.2 63.2
NC-N19-200-2.5 62.7 48.3 60.3 58.2 63.2
Unit: kN.

The spacing of the two dowel bars was set as 150, 200, or
250 mm to simulate the spacing of the dowel rebars along the
direction of applied shear force. To consider the effect of the
effective concrete width surrounding the dowel rebars in the
lateral direction, the thickness of the specimens was set as
150 mm in most cases as rebar spacing is generally 150 mm
in bridge decks. In addition, two more thicknesses of 200
and 250 mm were considered.

Relatively large amounts of D19 reinforcing bars were
embedded close to the loading area to prevent undesirable
local failure due to unintentional concrete collapse.

3.1.3. Instrumentation. Figure 5 shows the details of the
instrumentation used to measure the dowel behavior of
rebars during the test. As shown in the figure, four LVDTs
are attached to the specimen surface; two LVDTs are at-
tached along the direction of the applied load to measure
shear slip along the interface between concrete blocks, and
two more LVDTs are attached along the dowel rebars to
measure interface opening during the test. As two LVDTs are
used as one set, the average shear slip and interface opening
can be evaluated from measured data. In addition to the
LVDTs, two electric strain gauges are attached on the dowel
rebar before concrete casting. When the specimen is fab-
ricated, the electric gauges are placed at the interface such
that the strain of the dowel rebars can be measured during
the test.

3.2. Material Properties. To measure the actual compressive
strength of concrete, $100 x 200 cylinders were fabricated
when concrete was casted into the specimens. The actual
concrete compressive strength was measured during the

test for the dowel behavior of rebars. It is noted that the
tests for concrete compressive strength and dowel be-
havior were conducted at least 28 days after concrete
casting. In the compression test with the cylinders, the
average compressive strength of concrete for the NC
and HC series was measured as 32.1 MPa and 67.6 MPa,
respectively.

To measure the yield strength of the dowel rebars, direct
tension tests were conducted with the rebars used as dowel
rebars in the specimens. The tests were conducted according
to the procedure presented in ISO 6892-1: 2009 [14]. The
yield strengths of the rebars were evaluated through the 0.2%
offset method using the stress-strain response of the rebars,
and they are summarized in Table 3. As shown in the table,
the dowel rebars used in the test specimens exhibit yield
strengths exceeding the nominal yield strength of 400 MPa
or 600 MPa.

3.3. Test Procedure. To investigate the dowel behavior of
rebars, load was applied in the direction along the interface
on the bearing plates placed on the test specimens. A
1000 kN machine was used to apply the load. Practically, it
is hard to attain shear friction along the interface because of
the repeated loading due to trains. Therefore, prior to
conducting the test, the load corresponding to 5-20% of the
design capacity for the maximum dowel force was re-
peatedly applied 25 times to remove the shear friction due
to adhesion between the thin plate and concrete matrix. The
cyclic preloading process was referred to the standard test
procedure of stud shear connectors provided in Eurocode
4, B.2 [15]. Then, a static loading test was conducted at
a displacement control rate of 1 mm per minute. Figure 6
shows the test setup before the load is applied.
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4. Test Results and Investigation
4.1. Failure Mode and Dowel Behavior of Rebars

4.1.1. Failure Mode. Crack patterns were observed during
the test to investigate the typical failure mode for the dowel
behavior of rebars. No specimen exhibited splitting cracks
before experiencing the maximum dowel force. After the
maximum dowel force was reached, the applied force de-
creased considerably as concrete splitting cracks occurred
under the dowel rebars. The typical crack patterns observed
after the test are shown in Figure 7.

It can be inferred from these patterns that the shear
resistance capacity due to the dowel behavior of the rebars is

significantly influenced by the compressive strength of the
concrete that supports the rebars, rather than by the yield
strength of the rebars. According to the failure mode ob-
served through the test, the maximum dowel force of the
rebars can be increased by controlling concrete splitting
cracks through the confinement effect, which can be attained

by enclosing the concrete close to the dowel rebars with
reinforcing bars.

4.1.2. Shear Slip-Dowel Force Responses. The representative
shear slip-dowel force responses are presented in Figure 8.
These responses were obtained from the tests for specimens
NC-N13-200, NC-N19-200, and NC-N25-200. For detailed
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Figure 10: Dowel rebar strain-dowel force response, NC-200 series. (a) NC-N13-200. (b) NC-N19-200. (c) NC-N25-200.

analysis, the test results were compared with the dowel
behaviors predicted by Soroushian et al. [5] and MC10 [12],
who evaluated the maximum dowel force in addition to
the shear slip-dowel force response. It is noted that MC10
predicted the shear slip corresponding to the maximum
dowel force between 0.1 and 0.2 times the dowel rebar di-
ameter. Hence, in this study, 0.15 times the dowel rebar
diameter was selected to predict the shear slip-dowel force
response.

As shown in Figure 8(a), in specimen NC-N13-200, the
maximum dowel force measured through the test is
39.3kN, which is significantly higher than the maximum
dowel forces of 21.1kN and 26.4kN predicted by Sor-
oushian et al. [5] and MCI10 [12], respectively. This was
primarily due to the small diameter of the dowel rebars.

Because of the small diameter, the kinking effect after the
yielding of the dowel rebars contributed considerably to the
dowel force before the test specimen exhibited splitting
cracks under the dowel rebars. This phenomenon can also
be inferred from the shear slip-dowel force response. The
stiffness at a shear slip larger than 0.15 times the nominal
diameter of the dowel rebars was significantly smaller than
that at the earlier stage. In general, existing models [5, 12]
do not consider the kinking effect of dowel rebars in the
evaluation of the maximum dowel force. Therefore, when
the dowel behavior at relatively low stiffness is excluded,
the shear resistance capacity due to the dowel behavior of
rebars measured through the test is only slightly different
from the predictions of existing models. However, the
predicted stiffness is higher than the test results when shear
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slip is not larger than 0.15 times the nominal diameter of
the dowel rebars.

Figure 8(b) shows the dowel force-shear slip re-
sponses for specimen NC-N19-200, which were measured
using dowel rebars with a nominal yield strength of
400 MPa in concrete with a nominal compressive strength
of 30 MPa. As shown in the figure, the two-phase re-
sponse before the maximum dowel force that is observed
in the test results for N13 dowel rebars is not observed in
the test results for N19 dowel rebars. This indicates that
the specimen that used the N19 dowel rebars exhibited
the maximum dowel force before the kinking effect be-
came apparent. As the kinking effect is not observed in
the test with N25 dowel rebars, as seen in Figure 8(c), only
the dowel rebars with small diameters exhibit consid-
erable kinking before splitting cracks are observed in the
concrete specimen.

In addition, the shear slip corresponding to the maxi-
mum dowel force decreases as dowel rebar diameter in-
creases (Figure 8). As summarized in Table 4, this result is
considerably different from the results of existing models
such as MC10 [12] and Soroushian et al. [5], which predict
increase in the shear slip at the maximum dowel force with
dowel rebar diameter. The overall stiffness of the dowel rebar
before reaching the maximum dowel force is overestimated
by existing models. Therefore, further theoretical in-
vestigation is required for the dowel behavior of the rebars in
a small concrete member.

4.1.3. Interface Opening and Dowel Rebar Strain. Dowel
force-interface opening responses are presented in Fig-
ure 9. Interface opening is calculated as the average
of the values obtained through the LVDTs attached
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perpendicular to the interface between the concrete blocks.
As shown in the figure, the interface opening for all
specimens is extremely small until the maximum dowel
force is reached, after which interface opening increases
rapidly. MC90 reported that the maximum dowel force can
be reduced by a large interface opening [16]; thus, it is
important to keep the interface opening small during the
test to measure the actual maximum dowel force. Con-
sequently, the test results obtained in this study are reliable
for measuring the maximum dowel force under a small
interface opening.
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Figure 10 shows the dowel force-dowel rebar strain
responses for the specimens with normal strength concrete
(NC series) and dowel rebars (N series). Three dowel rebar
diameters are considered to investigate the effect of the
diameter on the response. It is noted that the strains of the
dowel rebars were measured through two electronic strain
gauges attached on the rebars at the interface. As seen in the
figures, the strains of the specimens with N19 or N25 dowel
rebars do not increase considerably until the maximum
dowel force is reached. On the contrary, the strains of the
specimens with N13 dowel rebars increase significantly
before the maximum dowel force is reached. In addition, the
dowel force in these specimens increases considerably even
after the yielding of the dowel rebars, primarily owing to the
kinking effect.

4.2. Effect of Test Variables on Dowel Behavior

4.2.1. Effect of Concrete Compressive Strength and Dowel
Rebar Strength. The effect of concrete compressive strength
and dowel rebar strength on the maximum dowel force is
shown in Figure 11. Each point in the figure represents the
average of three test results under the same test variables.
The maximum dowel force increases with concrete com-
pressive strength; the average increase in the maximum
dowel force is 40.5% for an average increase of 110.9% in
concrete compressive strength. This result is in agreement
with previous models [5, 11, 12], which showed that the
maximum dowel force is proportional to the square root of
concrete compressive strength. In contrast, the effect of the
yield strength of the dowel rebars is not as significant as that
of concrete compressive strength; the average increase in
the maximum dowel force is only 6.7% for an average
increase of 29.7% in dowel rebar yield strength. This result
indicates that existing models [11, 12] tend to overestimate
the contribution of dowel rebar yield strength to the
maximum dowel force. It can be seen from the figure that
concrete compressive strength has a stronger effect on the
maximum dowel force, as compared to the yield strength of
dowel rebars. In other words, the bearing strength of the
concrete under dowel rebars strongly affects the maximum
dowel force.

4.2.2. Effect of Dowel Rebar Diameter. Figure 12 shows the
effect of dowel rebar diameter on the maximum dowel
force. As shown in Figure 12(a), the maximum dowel force
increases with dowel rebar diameter. This trend is in
agreement with existing models [5, 11, 12]; however, there
is considerable difference in how strong the effect of the
increase in dowel rebar diameter is on the maximum dowel
force. For a more detailed investigation, the maximum
dowel force is normalized using the nominal area and the
square root of the yield strength of the dowel rebar, as
shown in Figure 12(b). Existing models generally over-
estimate the contribution of dowel rebar diameter to the
maximum dowel force. As the strain of the dowel rebar at
the maximum dowel force is significantly affected by dowel
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rebar diameter, as observed through the comparison of the
results shown in Figure 8, a more rational prediction model
is required.

4.2.3. Effect of Concrete Specimen Thickness and Dowel Rebar
Spacing. The effect of concrete specimen thickness and
dowel rebar spacing is investigated using Figures 13 and 14.
As shown in Figure 13, the maximum dowel force is
not considerably affected by a concrete specimen thickness
of more than 150 mm. As shown in Figure 14, the maximum
dowel force increases by 6.4 and 22.4% as dowel rebar
spacing increases by 33.3 and 66.7%, respectively. Therefore,
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FiGure 15: Comparison of the test results and several models on the
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the maximum dowel force is not strongly affected by
a dowel rebar spacing of more than 150 mm. Conse-
quently, it can be concluded that the maximum dowel
force is only weakly affected by concrete specimen
thickness and dowel rebar spacing in the ranges considered
in this study.

5. Comparison with Design Specification and
Previous Models

The maximum dowel force measured through the tests is
provided in Table 4. Each value is the average of three test
results for a given test variable. In addition, the maximum
dowel forces predicted by several existing models [5, 11, 12]
are presented in the table. In existing models, the actual
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maximum dowel force. (a) Soroushian et al. (b) MC10. (c) Randl

concrete compressive strength and dowel rebar yield
strength are considered in the calculation of the maximum
dowel force. Figure 15 shows the maximum dowel forces for
a more detailed comparison between the test results and
predictions, and the ratios of the test results to the pre-
dictions are presented in Table 5 and Figure 16, as provided
in JCSS [17] and Holicky et al. [18].

The test results exhibit slightly better agreement with the
prediction results of MC10 [12] and Randl [11] than with the
results of Soroushian et al. [5]. In the prediction results
of Soroushian et al., the maximum dowel force is generally
overestimated for the specimens with large dowel rebar
diameters (see specimens NC-N25-200, NC-H25-200,
and HC-H25-200). This indicates that the contribution
of the nominal area of dowel rebars is overestimated.
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TaBLE 5: Test/prediction ratio on the maximum dowel force.
Specimen Soroushian et al. Randl (detailed) Randl (simple) MC10
NC-N13-200 1.86 1.52 1.42 1.49
NC-N19-150 0.98 0.81 0.75 0.79
NC-N19-200 1.06 0.88 0.81 0.85
NC-N19-250 1.16 0.96 0.89 0.93
NC-N25-200 0.83 0.70 0.63 0.66
NC-H13-200 1.75 1.58 1.42 1.49
NC-H19-200 0.97 0.87 0.79 0.82
NC-H25-200 0.73 0.66 0.59 0.62
HC-N13-200 2.68 1.49 1.64 1.73
HC-N19-200 1.23 0.69 0.72 0.75
HC-N25-200 1.08 0.61 0.61 0.64
HC-H13-200 2.03 1.27 1.28 1.34
HC-H19-150 1.30 0.80 0.80 0.83
HC-H19-200 1.35 0.83 0.83 0.87
HC-H19-250 1.23 0.76 0.76 0.79
HC-H25-200 0.91 0.57 0.55 0.57
NC-N19-200-2 1.13 0.94 0.86 0.90
NC-N19-200-2.5 1.30 1.08 0.99 1.04
Average 1.31 0.95 0.91 0.95
CoV 0.36 0.33 0.34 0.34

On the contrary, the maximum dowel force is considerably
underestimated for the specimens with small dowel
rebar diameters (see specimens NC-N13-200, NC-H13-200,
HC-N13-200, and HC-H13-200). This is primarily because
Soroushian et al. [5] considered only the bearing failure of the
concrete under dowel rebars [13] and did not include the
kinking effect observed in the specimens with small dowel
rebar diameters.

Unlike Soroushian et al., the maximum dowel force is
overestimated in several cases in the prediction results of
MCI10 [12] and Randl [11]. This tendency is more evident
for the specimens with large rebar diameters, such as
NC-N25-200, NC-H25-200, HC-N25-200, and HC-H25-
200. For these specimens, the ratio of the predictions to the
test results of the maximum dowel force is larger than 1.50.
The maximum dowel force is considerably underestimated
only for the specimens with small rebar diameters, such as
NC-N13-200, NC-H13-200, HC-N13-200, and HC-H13-200,
because the kinking effect is not considered.

Consequently, for all test variables, the test results of the
maximum dowel force for normal strength concrete and
a dowel rebar diameter of 19 mm are in good agreement
with all existing models considered in this study. The
predictions of the existing models become more scattered
as either dowel rebar diameter or the material strength of
concrete or dowel rebars is changed. Therefore, further
study is required to develop a more rational model to
accurately represent the actual dowel behavior in a small
concrete member.

6. Conclusions

In this study, an extensive experimental program was
conducted to investigate the dowel behavior of the rebars
embedded in a small concrete member. In the experimental

program, 54 specimens were fabricated and tested. Test
variables were concrete compressive strength, dowel rebar
yield strength and diameter, concrete specimen thickness,
and dowel rebar spacing. The test results were compared
with the predictions of three existing models to investigate
the applicability of the models. The results obtained in this
study can be summarized as follows:

(i) Even though the three existing models considered
concrete compressive strength, dowel rebar yield
strength, and dowel rebar diameter simultaneously,
the predicted maximum dowel forces were consi-
derably different, particularly when a high strength
material was used.

(ii) In all specimens, splitting cracks at failure occurred
in the concrete under the dowel rebars regardless
of the test variables. It can be inferred from the
failure mode observed through the tests that
splitting cracks have a strong effect on the dowel
behavior of the rebars embedded in a small con-
crete member.

(iii) In the specimens with dowel rebars of small di-
ameters (N13 and H13 series), the kinking effect was
strong and the yielding of the dowel rebars occurred
before the maximum dowel force was reached. In
contrast, the specimens with dowel rebars of large
diameters exhibited neither the yielding of the
dowel rebars nor a strong kinking effect.

(iv) The test results showed that the maximum dowel
force increased with concrete compressive strength
and dowel rebar diameter, while the effect of the
yield strength of dowel rebars was not evident.

(v) There were no considerable effects of specimen
thickness and dowel rebar spacing on the maxi-
mum dowel force.
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Ficure 16: Effect of the test variables on the comparison for the maximum dowel force.

(vi) Unlike MC10 and Soroushian et al., who predicted

that the shear slip corresponding to the maximum
dowel force increases with dowel rebar diameter,
the test results showed that shear slip at the
maximum dowel force decreased as dowel rebar
diameter increased.

(vii) The predictions of the existing models were sig-

nificantly different from the maximum dowel
forces measured in the tests. The existing models
considerably underestimated the maximum dowel
forces of the rebars with small diameters (N13 and
H13 series) because the kinking effect was not
considered. On the contrary, MC10 and Randl
considerably overestimated the maximum dowel
force of the dowel rebars with large diameters (N25
and H25 series).

(viii) The results presented in this paper will be useful for

evaluating the actual shear capacity of the lateral
supporting blocks in which dowel rebars are
embedded. For a more reasonable design of lateral
supporting blocks, a more rational model is re-
quired to represent the dowel behavior of the re-
bars embedded in a small concrete member.

Notations

A .

s
C:

D(s):
dbl

max*

Cross-sectional area of dowel rebar (mm?)
Length of crushed concrete zone underneath
dowel bar (mm)

Dowel force (N) for a given slip s (mm)
Diameter of dowel rebar (mm)

Maximum dowel force (N)
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E: Dowel bar modulus of elasticity (MPa)
fu:  Concrete bearing strength (MPa)
Concrete compressive strength (MPa)
Cube strength of concrete (MPa)

Syt Yield strength of dowel rebar (MPa)

I Second moment of inertia of dowel bar (mma)

K;: Concrete foundation modulus (MPa/mm)

L: Characteristic length of dowel bar (mm)

Pmax:  Maximum possible concrete pressure under
dowel bar (MPa)

Smax: Olip at D, (mm)

T: Dowel bar axial force (N)
T,: Dowel bar yield axial force (N)

Kymax: Interaction coefficient for flexural resistance at s ..
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This work aims to investigate the damage in ultrahigh-performance concrete (UHPC) caused by freezing-thawing action.
Freezing-thawing tests were carried out on UHPCs with and without steel fibers. Mercury intrusion porosimetry (MIP), scanning
electron microscopy (SEM), and X-ray computed tomography (X-ray CT) were applied to detect the microstructure of the UHPC
matrix before and after the freezing-thawing tests. The results showed that UHPC possessed very excellent freezing-thawing
resistance due to its dense microstructure. After the freezing-thawing action, cracks occurred and were prone to initiate at the
sand-paste interface in the UHPC matrix. MIP results also indicated that cracks appeared in the UHPC matrix after the freezing-
thawing action. The number of defects that can be seen by X-ray CT increased in UHPC after the freezing-thawing action as well.
The mismatch of the thermal expansion coefficients of the aggregate and the paste is considered to be the reason for the cracking at
the sand-paste interface. The steel fibers in UHPC inhibited the propagation of cracks in the matrix and improved the freezing-

thawing performance of UHPC.

1. Introduction

Ultrahigh-performance concrete (UHPC) is a novel type of
cementitious material, which shows extremely excellent
mechanical properties and durability [1, 2]. Due to its ex-
cellent performance, UHPC is considered to be a sustainable
and economical material for various structures, such as hy-
draulic structures, thin-layer structures, marine structures,
and military structures [3].

UHPC also can be used in some cold regions because of
its great resistance to freezing-thawing damage [4, 5]. In cold
regions, the freezing-thawing action is a very common cause
for the deterioration of concrete structures. The damage
process in normal concrete under freezing-thawing action
has been widely studied, from the point of views of both
microstructure and macroproperties [6-8]. Two types of
damage, that is, surface scaling and internal cracking, would

be induced when the concrete undergoes freezing-thawing
cycles. In order to quantify these types of damage caused by
freezing-thawing action, several methods have been de-
veloped. Normally, the surface scaling is evaluated by the
mass loss, and the internal cracking is reflected by the change
of relative dynamic modulus of elasticity [9, 10]. The internal
cracks and pore structures in mortar or concrete damaged
by freezing-thawing action also have been characterized by
various techniques, such as mercury intrusion porosimetry
(MIP) and scanning electron microscopy (SEM) [11-13].
These efforts were mostly made on concretes with a mod-
erate strength, while the freezing-thawing microstructural
damage in UHPC was rarely studied. Since UHPC is a
promising material with wide potential applications, it is of
significance to investigate the damage process of UHPC ex-
posed to freezing-thawing action, especially from the micro-
structural point of view.
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The aim of this paper is to investigate the freezing-
thawing resistance of UHPC and to reveal the microstruc-
ture evolution of UHPC under the freezing-thawing action.
It was anticipated that microstructural observations could
improve the understanding of the deterioration mechanism
of UHPC subjected to freezing-thawing action. In this paper,
SEM was used to detect the cracks caused by freezing-thawing
action in UHPC. MIP and X-ray computed tomography
(X-ray CT) were applied to track the pore structure evo-
lution of UHPC during the freezing-thawing action. Fur-
thermore, based on the test results, the role of steel fibers in
the freezing-thawing resistance of UHPC was also discussed
in the paper.

2. Materials and Methods

2.1. Materials. UHPCs with and without steel fibers were
prepared in the study. Type Pell 52.5R Portland cement,
Class F fly ash (FA), and silica fume (SF) were used as
cementitious materials. The chemical and physical proper-
ties of the cement, FA, and SF are shown in Table 1 [14]. The
addition of FA could reduce the hydration heat and improve
the workability of UHPC. The aggregates were river sand,
whose particle size was smaller than 2.36 mm. The super-
plasticizer was a type of the liquid agent with a solid content
of 28%. Copper-coated steel fibers were used to improve the
ductility of UHPC, and the length and diameter of the fibers
were 13 mm and 0.2 mm, respectively.

The proportions of UHPCs are shown in Table 2. All the
UHPCs had the same matrix, while UHPC-1%, UHPC-2%,
and UHPC-3% were reinforced with different amounts of
steel fibers. In order to make the comparison more clearly, the
proportion was given in a percentage form. Abbreviations are
used in Table 2, that is, C=cement, B =binder, FA =fly ash,
SE=silica fume, RS=river sand, Sup =superplasticizer,
W =water, and V¢=volume fraction of steel fibers. The
binder means the sum of the cement, FA, and SE. The
cement usages of UHPCs were more or less the same, which
were about 540kg/m’. The specimens were cast into
40mm x40 mm x 160 mm molds, and after demolding,
they were cured in the standard condition (20°C,
RH > 95%) for 90 days.

2.2. Mechanical Tests. Flexural and compressive tests
were performed following the standard GB/T17671-1999
[15]. Firstly, the three-point bending test was performed
to determine the flexural strength. Afterwards, two por-
tions from each specimen broken in flexure were used for
compressive tests. Three specimens of each batch were
tested.

2.3. Freezing-Thawing Tests. The freezing-thawing tests
were performed based on the standard GB/T50082-2009
[16]. The temperature range of a freezing-thawing cycle was
—20°C~20°C, and one cycle lasts about 4 hours. After en-
during a certain number of freezing-thawing cycles, the
mass and relative dynamic modulus of elasticity of
the specimens were measured. In the standard, 300
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TaBLE 1: Chemical and physical properties of the cement, FA, and
SF.

Binder
Cement Flyash Silica fume
SiO, 20.40 54.88 94.48
ALOs 470 26.89 0.27
Fe,05 3.38 6.49 0.83
Chemical CaO 64.70 4.77 0.54
composition MgO 0.87 1.31 0.97
(%) SO, 1.88 1.16 0.8
K,O 0.45 1.05 —
Na,O 0.38 0.88 —
Loss 3.24 2.56 211
Specific density
Physical (kg/m’) 3130 2240 2500
properties Specific surface 362 454 92000

area (m*/kg)

TaBLE 2: Mixture proportion of UHPCs.

C/B FA/B SF/B RS/B Sup/B W/B Vg
Plain UHPC 0.5 0.4 0.1 1.2 35% 016 0%
UHPC-1% 0.5 0.4 0.1 1.2 35% 016 1%
UHPC-2% 0.5 0.4 0.1 1.2 35% 016 2%
UHPC-3% 0.5 0.4 0.1 1.2 35% 016 3%

freezing-thawing cycles were recommended for testing the
freezing-thawing performance of normal concrete. But
UHPC normally does not degrade at 300 cycles. Hence,
the number of freezing-thawing cycles was increased to 800
in this study.

2.4. SEM. A Sirion field emission scanning electron mi-
croscopy was used for the imaging of the cracks induced by
the freezing-thawing action. After enduring 800 freezing-
thawing cycles, the UHPC specimens were crashed, and
small samples were chosen for the SEM tests. Secondary
electron images were taken at the fractured surfaces.

2.5. MIP. The porosities and pore size distributions of
UHPC specimens were detected with MIP. Crashed pieces of
the matrix of UHPCs were served as samples. The samples
were immersed in acetone for 7 days to stop the hydration.
Then, they were oven-dried at 50°C for 3 days. The dried
samples were used for the MIP tests, which were performed
with Micromeritics AutoPore IV 9500. The contact angle
was set to be 130°, and the detected pore sizes were between
3nm and 360 ym.

2.6. X-Ray CT. X-ray CT was employed to detect the dis-
tribution of defects in UHPC. The YXLON microfocus X-ray
CT system was used to scan the UHPC specimens before
and after the freezing-thawing tests. The X-ray peak energy
and current were 195kV and 0.41 mA, respectively. The
sample was a 40 mm x40 mm x 160 mm prism, and the
obtained voxel size was 64 ym x 64 ym x 64 ym.
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3. Results and Discussion

3.1. Mechanical Properties of UHPC. Figure 1 shows the
compressive strength and flexural strength of the UHPC
specimens. The addition of steel fibers significantly increased
the compressive and flexural strengths of UHPC. Compared
to plain UHPC, the compressive and flexural strengths of
UHPC-3% were improved by 72.4% and 178.7%, respectively.
The strengthening effect of steel fibers in UHPC is much more
significant than that in normal concrete [17] because of the
strong bond between the fibers and matrix in UHPC.

3.2. Freezing-Thawing Performance of UHPC. The test results
showed that UHPC exhibited great freezing-thawing re-
sistance. Figure 2 demonstrates the mass loss of UHPC
specimens during the freezing-thawing tests. The mass loss
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FIGURE 3: Relative dynamic modulus of elasticity of UHPCs at
different freezing-thawing cycles.

of UHPC specimens increased slightly with the number of
freezing-thawing cycles. After enduring 800 cycles, the mass
losses of UHPC specimens were all less than 1.5%. The
surface scaling was the main reason for the mass loss.
Figure 3 shows the evolution of the relative dynamic
modulus of elasticity of UHPC specimens at different
freezing-thawing cycles. The relative dynamic modulus of
elasticity of UHPC specimens was reduced very slightly with
the increase of the cycles until it reached 350 cycles. It
suggested that UHPCs did not show significant internal
deterioration before that. After the freezing-thawing tests, the
relative dynamic modulus of elasticity was approximately
more than 90% for all UHPC specimens.

It can also be seen from Figures 2 and 3 that the presence
of steel fibers could improve the freezing-thawing perfor-
mance of UHPC. After going through 800 freezing-thawing
cycles, UHPC with higher dosage of steel fibers exhibited
lower mass loss and higher relative dynamic modulus of
elasticity. The crack-bridging effect of steel fibers plays an
importance role for the improvement of freezing-thawing
resistance of UHPC.

The findings from other literatures also indicated that
UHPC exhibited very excellent freezing-thawing resistance
[18-21]. After enduring 300 freezing-thawing cycles, the
relative dynamic modulus of elasticity of UHPCs normally
did not decrease, and the mass losses were less than 0.5%
[18, 19]. In order to clearly reveal the freezing-thawing
performance of UHPC, more cycles were adopted in the
freezing-thawing tests by several studies. After 600 freezing-
thawing cycles, the relative dynamic modulus of elasticity
and mass losses of UHPCs with different curing regimes did
not obviously change [4, 20], which implied that the deg-
radation in UHPC induced by freezing-thawing cycles was
negligible. After 1000 freezing-thawing cycles, the relative
dynamic modulus of elasticity of UHPC was 90%, and the
compressive strength of UHPC reduced by 6% [21]. Gen-
erally, the UHPCs with heat curing have better freezing-
thawing performance than standard-cured UHPCs [18, 20].
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(a)

(b)

FIGURE 4: Cracked UHPC specimens (40 mm x 40 mm x 160 mm) after enduring 250 freezing-thawing cycles: (a) plain UHPC and

(b) UHPC-1%.

The hydration products in UHPC with heat curing were
denser than those with standard curing; hence, the freezing-
thawing performance of heat-cured UHPC was extremely
excellent, and no obvious freezing-thawing damage could be
observed. In this study, the standard curing were adopted, so
the UHPCs degraded a little after 800 freezing-thawing
cycles, and the test results were close to those in the liter-
atures [21].

Besides the test results, an unexpected phenomenon was
observed during the freezing-thawing experiments. One
plain UHPC specimen and one UHPC-1% specimen were
cracked severely after 250 freezing-thawing cycles, as seen
in Figure 4. The crack pattern looked like being hit by an
impactload. All the other specimens were in good condition,
so the data for these two specimens were eliminated when
calculating the mass loss and relative dynamic modulus of
elasticity.

The reason for this phenomenon is still under investi-
gation. The probable reason lies in the existence of big river
sand particles (max. 2.36 mm) or large air pores in UHPC
[22]. Both big river sand particles and large air pores could
influence the homogeneity of UHPC and arouse stress
concentration in UHPC, resulting in sudden severe cracking.
The brittleness of the UHPC matrix also contributes to this
phenomenon. Based on this finding, at least 2% of steel fibers
is recommended to add in UHPC in order to ensure the
safety of UHPC structures in cold regions.

3.3. Cracks in UHPC Induced by Freezing-Thawing Action.
Before the freezing-thawing action, UHPC had a very dense

Det WD p———— 100um
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FiGure 5: The bond between the sand and paste in plain UHPC.

microstructure. Capillary pores and Ca(OH), crystals were
hardly seen, and the interfacial transition zones (ITZs) al-
most disappeared in UHPCs. Figure 5 shows the bond
between the sand and the paste in plain UHPC, and Figure 6
shows the bond between the fiber and the matrix in UHPC-
2%. It was observed that both the sand-paste and fiber-
matrix bonds were very intense, and I1TZs were difficult to
tell. The previous nanoindentation study proved that the
micromechanical properties of the ITZ and the bulk paste of
the UHPC were similar to each other [23], which indicated
that the weak ITZ disappeared in UHPC. This is one of the
reasons why UHPC possesses extremely excellent mechanical
properties and resistance to aggressive agents.

In addition to the dense microstructure, spherical air
voids also can be observed in UHPC as shown in Figure 7.
This image was taken from a plain UHPC sample, and air
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F1GURE 6: The bond between the fiber and the matrix in UHPC-2%.
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FIGURE 7: Air void in plain UHPC.

voids also existed in UHFC with steel fibers. The fresh UHPC
mixture shows higher viscosity than normal concrete, so air
bubbles are easily to be trapped in the UHPC mixture during
casting. Researches have shown that the incorporation of air
voids could improve the freezing-thawing resistance of
normal concrete [13, 24].

After enduring 800 freezing-thawing cycles, microcracks
can be found in plain UHPC. An example is given in Figure 8.
The crack was initiated around the sand particle and went
through an air void. Cracks at the ITZ between the fiber and
matrix in UHPC with fibers were also detected with SEM.
But it was difficult to determine whether the crack was
caused by the freezing-thawing action or by sampling. The
samples for SEM were prepared by crashing the UHPC
specimen. The steel fiber might debond during crashing. For
the plain UHPC sample, cracks mostly go through the fine
aggregates (as shown in Figure 5) when undergoing me-
chanical load. Hence, the cracks around aggregates are more
probably induced by freezing-thawing action.

3.4. Pore Structure Evolution of UHPC due to the Freezing-
Thawing Action. The porosity and pore size distribution of
plain UHPC and UHPC-2% matrices before and after the
freezing-thawing tests were investigated with MIP. Before
the freezing-thawing tests, the total porosities of plain UHPC
and UHPC-2% matrix were 1.98% and 1.85%, respectively.
After the tests, the total porosities of plain UHPC and UHPC-
2% matrix increased to 6.05% and 3.32%, respectively.
The increase in porosity due to freezing-thawing action was
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FIGURE 8: Microcracks in plain UHPC after the freezing-thawing
tests.
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FIGURE 9: Pore size distribution of plain UHPC and UHPC-2%
matrix before and after freezing-thawing tests.

reduced by steel fibers. Figure 9 shows the pore size distri-
bution of plain UHPC and UHPC-2% before and after the
freezing-thawing tests. It can be seen that, before the tests,
most of the pores in plain UHPC and UHPC-2% matrix were
gel pores, whose size was smaller than 10 nm. After being
subjected to 800 freezing-thawing cycles, several new peaks
appeared in the pore size distribution curve for both plain
UHPC and UHPC-2% matrix. This implied that cracks were
generated during the freezing-thawing tests. Compared with
UHPC-2% matrix, more cracks existed in plain UHPC, which
confirmed that the presence of steel fibers enhanced the
freezing-thawing resistance of UHPC. It also can be seen from
Figure 9 that, after the freezing-thawing tests, the peak for gel
pores in the size distribution curve disappeared for both plain
UHPC and UHPC-2% matrices. This may result from the
ongoing hydration during the freezing-thawing tests. Water
saturated condition was applied in the freezing-thawing tests,
so UHPC could go on hydration and gel pores continued to be
refined. Due to the limitation of the MIP test, it cannot detect
pores smaller than 3 nm in this study.



It should be noted that the MIP only presents approx-
imate results of the crack information in UHPC samples. As
shown in Figure 8, cracks may go across the air voids, which
would act as ink-bottle pores in the MIP test and influence
the MIP results. In spite of this deviation, the MIP results still
indicated that cracks existed in the freezing-thawing damaged
UHPC samples.

3.5. Defects Evolution of UHPC due to the Freezing-Thawing
Action. The 3D distribution of defects in UHPCs before
and after the freezing-thawing tests was detected with
X-ray CT. Figure 10 shows the distribution of defects in
plain UHPC before the freezing-thawing tests. Because of
the resolution limitation, the minimum volume of the
defects was 0.002mm’. The defects were mostly the air
voids in the specimen.

Due to the excellent freezing-thawing resistance of
UHPC, the difference between the 3D defects distribution
images of UHPC specimens before and after the freezing-
thawing action was difficult to distinguish with naked eyes.
Nevertheless, the data about the total defects volume and
defects size distribution before and after the freezing-
thawing action were still comparable. Table 3 shows the
volume fraction of defects in UHPC specimens before and
after freezing-thawing tests. The defects volume in UHPCs
all increased after the freezing-thawing action. The in-
crement for plain UHPC was 43.1%, while the increment for
UHPC-3% was only 9.86%. Compared to UHPC-3%, more
defects which can be detected with X-ray CT occurred in
plain UHPC after the freezing-thawing action.

The defects volume distributions of UHPC specimens
before and after freezing-thawing action were shown in
Figure 11. The y-axis is the number of defects in a
40 mm x 40 mm x 160 mm UHPC specimen. It was noticed
that most of the defects in UHPC were smaller than 0.1 mm®.
Before the freezing-thawing action, UHPC-3% had the
largest amount of defects. This may be due to its relatively
lower workability, which resulted from the addition of
more steel fibers. After the freezing-thawing action, the
number of defects all increased for the UHPC specimens.
The defects with volume smaller than 0.1 mm” had the most
significant increase. This was because that some smaller
defects, which could not be detected by X-ray CT at first,
became larger due to the freezing-thawing action. During
the freezing-thawing action, cracks originated at the in-
terface between the paste and aggregates and may go
through the air pores, leading to the coalescing of two (or
more) separated air voids. If the crack kept propagating,
more air voids and cracks would be connected and form 3D
crack networks. This phenomenon was observed in normal
concrete [12]. Nevertheless, because of the presence of steel
fibers and homogeneous microstructure, the crack prop-
agation process in fiber-reinforced UHPC is much slower
than that in normal concrete. As shown in Figure 11, the
experimental results also proved that the defects in plain
UHPC increased more than those in UHPC-3%. The
presence of steel fibers improved the resistance of UHPC to
freezing-thawing damage.
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FiGURrE 10: 3D defects distribution of a plain UHPC specimen
(40 mm x 40 mm x 160 mm) before the freezing-thawing tests.

4. Discussions

According to the findings in this study, the presence of
steel fibers improved the freezing-thawing performance of
UHPC. Due to the low water-to-binder ratio and the poz-
zolanic reactivity of SF, the interfaces between the steel fibers
and the matrix were very intense so that the fibers could
bridge the cracks very efficiently. Hence, the crack propa-
gation process could be inhibited if the fibers were presented,
and more fibers would lead to higher cracking resistance. It
is also the case for UHPC under freezing-thawing action.
The microcracks induced by freezing-thawing cycles could
be effectively bridged by the fibers so that the freezing-
thawing performance of UHPC improved. On the other
hand, if fibers were not present or not enough, UHPC might
be damaged very suddenly (as shown in Figure 4) because of
its high brittleness.

The hydraulic pressure and osmotic pressure are
considered to be the main reasons for the deterioration of
normal concrete subjected to freezing-thawing cycles [25].
When the stress aroused by these two kinds of pressure is
higher than the tensile strength of concrete, cracking may
occur. But these two pressures are both considered to
originate from the icing of the water in the capillary pores
of concrete. It is not the case for UHPC. It is well known
that the freeze point of water in the porous material is
related to the pore size, and it is estimated that water in gel
pores does not freeze above —78°C [26]. For UHPC, large
capillary pores are hardly seen [3, 27], and most of the pores
in UHPC are gel pores. So when UHPC is subjected to
freezing conditions, most of the water in gel pores will not
turn into ice but continue to exist as liquid water.
Therefore, the hydraulic pressure and osmotic pressure are
not the main cause for the cracking in UHPC under
freezing-thawing action.

According to the structural characteristics of UHPC, it
may make more sense that the crack is resulted from the
mismatch of the thermal expansion coeflicients of the sand
and paste. The thermal expansion coefficient of UHPC
paste is between 15 and 20 um-m~".K™' [28], while the
thermal expansion coeflicient of natural sand is around
10 ym-m~ "K' [26], which is much lower than that of
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TaBLE 3: Total volume fraction of defects in UHPC specimens before and after freezing-thawing tests.
Plain UHPC UHPC-1% UHPC-2% UHPC-3%
Before freezing-thawing tests 1.67% 2.12% 1.94% 2.84%
After freezing-thawing tests 2.39% 2.73% 2.56% 3.12%
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FiGure 11: Defects volume distributions of UHPC specimens before

(c) UHPC-2%, and (d) UHPC-3%.

UHPC paste. The thermal expansion coefficients of the steel
fiber and UHPC matrix are around 12um-m "K' and
11 ym-m "K', respectively [3]; hence, the stress aroused
at the fiber-matrix interface is much lower than that at
the sand-paste interface. Under the freezing-thawing
action, the deformations of the sand and paste were dif-
ferent from each other, which aroused stress at the in-
terface. It was more like a fatigue load at the interface of the
aggregates and paste, when the temperature went up and
down. Cracks initiated at the interface between the paste
and aggregates, and may go through the air pores. When

<0.01

0.01-0.1 0.1-1 1.0-10

Volume of defects (mm?)

Il Before freeze-thaw action
I After freeze-thaw action

(d)

and after freezing-thawing tests: (a) plain UHPC, (b) UHPC-1%,

the freezing-thawing action is going on, cracks may con-
nect to each other, and UHPC will fail in the end.

The approximate thermal expansion coefficients of
commonly used aggregates were summarized as follows:
5um-m~ "K' for limestone; 6 yum-m~ "K' for basalt and
gabbro; 7 um-m~"-K™' for granite; 9 ym-m~"-K™' for dol-
erite; 10 [4m~m’1‘K’1 for sandstone and natural gravel; and
11 ym-m™~ "K' for quartzite [26]. Hence, it is better to use
sandstone, natural gravel, and quartzite as aggregates to
prepare UHPC from the point of view of freezing-thawing
performance. The use of limestone, basalt, and gabbro



should be avoided when preparing UHPCs that serve in
cold regions.

5. Conclusions

This paper investigated the macroperformance and micro-
structure of UHPC before and after the freezing-thawing
action. The following conclusions can be drawn:

(1) Compared to normal concrete, UHPC showed ex-
cellent freezing-thawing resistance, no matter steel
fiber-reinforced or not. But unexpected cracking
happened to one plain UHPC specimen and one
UHPC-1% specimen. The reason of the cracking is
worthy of further studying.

(2) Before the freezing-thawing action, UHPC had
a very dense microstructure, but large amounts of air
voids were trapped in UHPC. After going through
800 freezing-thawing cycles, cracks were induced in
UHPC and prone to initiate at the ITZ between the
aggregates and paste.

(3) The cracking in UHPC under freezing-thawing ac-
tion may arise from the mismatch of the thermal
expansion coeflicients of the aggregates and paste.
Sandstone, natural gravel, and quartzite were rec-
ommended to use as aggregates to prepare UHPC in
cold regions. The presence of steel fibers could re-
strain the initiation and propagation of the cracks in
UHPGC, resulting in a great improvement of freezing-
thawing resistance.
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The mechanical, mesodamage, and the microproperties of cement-emulsified asphalt concrete have been investigated by
computed tomography (CT), scanning electron microscopy (SEM), X-ray diffraction (XRD), and thermogravimetric analysis
(TG) in this work. Emulsified asphalt delayed the hydration of cement, making the early compressive strength of concrete develop
slowly. However, the concrete compressive strength increased rapidly with the demulsification of emulsified asphalt. The damage
stages of condense, expansion of volume, rapid crack propagation, and damage by real-time scanning have been observed. The CT
mean value of the place near the lower end face suffered a larger decline but a smaller decline to the upper part of the sample. The
evolution of concrete suffering damage to failure is a gradual development process, and no sharp expansion of brittle failure. The
unhydrated cement, incorporation asphalt, fibrous C-S-H gel, CH, needle-shaped ettringite, and other hydration products were

interwoven to constitute emulsified asphalt-cement paste, forming a spatial structure.

1. Introduction

With the development of social productive forces, there is
a gradual improvement in the quality of material used for
constructing buildings. However, there are still some limi-
tations in the building materials, leading to hindrances in the
development of strong structural forms. Superior con-
struction methods cannot be implemented completely due
to these limitations of the building material. Many technical
problems of construction engineering are currently being
solved, thanks to the breakthrough achieved in the synthesis
of building materials [1]. According to statistics, seepage
plays an important role in the destruction of earth-rock
dams, indicating that it is very important for improving
the quality of earth-rock dams and preventing leakage. At
present, there are two problems that should be solved ur-
gently. These problems are caused by the impervious wall in
dyke projects; therefore, the traditional building materials
must be updated with sophisticated technology. First prob-
lem is to develop antiseepage measures to avoid the re-
inforcement of dangerous reservoirs. Second problem is to
effectively suppress the high pressure of earth-rockfill dam,

which is caused by the deep foundation of the covering layer.
To solve all these issues, we should judiciously select the
impervious materials.

The plastic concrete is a kind of flexible material with
moderate properties, so it can be considered as a building
material whose quality is somewhere between the soil and
the ordinary concrete. This novel material is used to solve the
problems faced while using the common concrete cutoff wall
[2]. Presently, most of the impervious core wall materials are
made of plastic concrete or asphalt concrete in order to
improve the impermeability of the impervious wall and to
reduce the elastic modulus of the concrete. In general, plastic
concrete always contains certain characteristic toughening
components, such as bentonite or clay composite bentonite.
By incorporating these toughening components, we sub-
stantially improve the crack resistance and impermeabil-
ity of concrete. With this strategy, we also ameliorate the
workability and fluidity of concrete. Thus, we make con-
certed efforts to reduce the cement consumption and con-
crete cost [3-6]. The characteristics of plastic concrete are as
follows: its elastic modulus is relatively low, and the value of
this parameter is very close to the elastic modulus of dam
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TaBLE 1: Properties of emulsified asphalt.
Technical requirements of hydraulic asphalt SG90 by
Items Results GB 50092-1996 Performance standards
Needle penetration (25°C, 100g, 5s) (0.l mm)  95.5 80~100
Softening point (ring and ball method) (°C) 43.2 42~52
Ductility (15°C, 5 cm/min) (cm) 160 >100
Density (25°C) (g/cm3) 1.01 Measured data DL/T 5362-2006
Solubility (%) 99.6 >99.5
Flash point (°C) 290 >230

TaBLE 2: Chemical composition of cement, fly ash, and clay (%).

Items Si0O, Fe,O5 ALO; CaO MgO f-CaO K,0 Na,O R,0 SO; Loss
Cement 21.7 5.0 4.1 62.1 4.8 0.1 — — — 0.7 0.2
Fly ash 59.0 8.8 21.6 51 1.5 — 0.8 0.2 0.7 0.6 1.4
Clay 55.6 59 15.0 5.6 4.6 — — — — — —

body and foundation. Furthermore, the ratio of elastic
modulus to strength is generally lower than 500; however,
the permeability and durability are limited. The permeability
coefficient is generally in the range of 1077 cm/s, and the
compression strength generally ranges between 2 MPa and
5MPa in the ageing period of 28 days. In the traditional
impervious wall made from plastic concrete, the compres-
sive strength is not that high. To tackle this issue, we con-
ducted sufficient research on how to improve durability
of the material. The traditional material is mostly used
for constructing impervious cofferdams that sustain for
a temporary period. The traditional material is also used for
constructing permanent structures having the foundation
of low dam and thin overburden. In this paper, we address
the deficiency of traditional plastic concrete in order to
synthesize a better material that is a good match of dif-
ferent strength grades of concrete. Our aim is to improve
the plasticity of the concrete structure; therefore, the
new toughening components of emulsified asphalt have
been added to plastic concrete [7]. Based on the results of
experimental analysis, we propose that plastic concrete
should be used for constructing the permanent impervi-
ous wall under deep overburden foundation; the same wall
may also be built with plastic concrete of high anticrack-
ing site, and so on. Thus, we can effectively solve the major
technical problems of hydraulic concrete, such as crack-
ing resistance. Our main purpose is to prevent perme-
ability in order to improve the service life of hydraulic
structures.

2. Experimental

2.1. Raw Materials. Cationic emulsified asphalt, Huaxin 42.5
moderate heat Portland cement, clay of a project, Xuanwei
grade I fly ash, Jiangsu Bote JM PCA high-efficiency water-
reducing agent and GYQ air entraining agent, artificial
marble sand, and artificial sandstone rubble were used in this
study. The testing result showed that the raw materials meet
the relevant technical requirements. Properties of emulsified
asphalt and chemical composition of raw materials are
shown in Tables 1 and 2.

2.2. Experimental Methods. Experimental methods and data
analysis methods in this study were according to SL 237-99
specification of soil test, and SL 352-2006 test code for
hydraulic concrete, DL/T5150-2001 specification of concrete
cutoft wall used for hydropower and water conservancy
project, and DL/T 5330-2015 code for mix design of hy-
draulic concrete. Different water-binder ratios (0.3, 0.45, and
0.6), asphalt-cement ratios (0, 0.4, and 0.6), and the clay
contents (0%, 20%, and 40%) were considered in the test.
The content of fly ash was 15%. For explaining its effects
on macroscopic mechanical properties, combined with
microtesting methods such as CT, XRD, SEM, TG-DSC, and
so on [8], microtopography and chemical composition of
hydration products of cement-emulsified asphalt slurry were
investigated.

CT scanning technology relies on the principle that the
degree of attenuation of radiation passing through the me-
dium is proportional to its density. It combined with computer
technology and image processing technology; the physical
internal density information will be obtained by digital image
reflecting. Shape, internal structure, and composition of the
material can be recognized based on the density-related image
information. Density information of the CT images shows the
gray area of information packets.

CT essentially involves a two-dimensional distribution of
a physical quantity in the fault area. The physics is that the
linear attenuation coefficients y(x, y) and u(x, y) are di-
rectly related to the density of the object. In the early times,
CT technology workers were defined as the standard CT
number Hp by the attenuation coeflicient of water, which
was expressed as

Hp:[’lm A"wa 103) (1)
Hw

where p,, and u,, are the attenuation coefficients of water
and the medium, respectively.

The CT number of each pixel can be obtained through
(1). Each CT number corresponds to a gray value; thus, a
tomographic gray scale digital matrix is formed. The CT
testing machine will get a set of CT gray scales by continuously
scanning objects in the vertical cross-sectional direction.
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TABLE 3: Mix proportion parameters of cement-emulsified asphalt
concrete.

Water-binder Emulsified asphalt-  Clay Fly ash

Samples ratio binder ratio (%) (%)
Xql 0.30 0.4 20 15
Xq2 0.30 0.6 20 15
Xq3 0.45 0 0 15
Xq4 0.45 0 20 15
Xq5 0.45 0.4 0 15
Xq6 0.45 0.4 20 15
Xq7 0.45 0.4 40 15
Xql0 0.45 0.6 20 15
Xql2 0.60 0.4 20 15
Xql5 0.60 0.6 20 15

TaBLE 4: Mix proportion parameters of cement-emulsified asphalt
concrete for the microtest.

Samples Water- Fly ash Clay  Emulsified asphalt-
binder ratio (%) (%) binder ratio

X0 0.45 15 0 0

X1 0.45 15 0 0.4

X2 0.45 15 20 0

X3 0.45 15 20 0.4

These gray scales will get the whole composition of the
interior of the space in the object through three-dimensional
reconstruction. Threshold values for each phase medium
and CT number of concrete specimens are hardened cement
mortar (2000~2200), aggregate (2200~3071), and interfacial
transition zone (1000~1600). Mix proportion parameters
of cement-emulsified asphalt concrete and mix proportion
parameters of cement-emulsified asphalt concrete for the
microtest are shown in Tables 3 and 4.

3. Results and Discussion

3.1. The Influence of Water-Binder Ratio on Properties of

Cement-Emulsified Asphalt Concrete. Properties of the

cement-emulsified asphalt concrete with the water-cement

ratios of 0.3, 0.45, and 0.6, respectively, are shown in Table 5.
The results indicate the following effects:

(1) The compressive strength of cement-emulsified as-
phalt concrete decreased gradually with the steadily
increasing water-cement ratio. Compared to the
initial phase, the water-binder ratio exerted a slightly
greater impact on the compressive strength of con-
crete at the later stage. This was the result of in-
corporating emulsified asphalt and clay in order to
reduce the dosage of cement in concrete. As a result,
there was considerable reduction in the posthydra-
tion products. With a large amount of emulsified
asphalt, we could significantly alter the strength of
concrete. The larger the amount of emulsified as-
phalt, the lower the compressive strength of concrete
would be. The composition and performance of
emulsified asphalt was commendable in changing
the compressive strength of concrete.

(2) The splitting tensile strength and the tensile strength
of emulsified asphalt concrete were reduced by
steadily increasing the water-cement ratio. For the
concrete, the ratio of compressive strength to the
splitting tensile strength was in the range 9.6-11.3.
The higher the concrete strength, the greater the ratio
would be. In cement-emulsified asphalt concrete, the
ratio of compression to tension was slightly lower
than the value of ordinary concrete. This indicates
that cement-emulsified asphalt concrete had some
level of plasticity. The splitting tensile strength was
higher than the axial tensile strength. In concrete
material, the ratio of splitting tensile strength and
axial tensile strength was in the range 1-1.11 on the
28th day; the same ration was in the range 1.08-1.32
on the 90th day. This ratio increased gradually with
the increasing age of concrete.

(3) The water-binder ratio had some significant influ-
ence on the compressive elastic modulus of cement-
emulsified asphalt concrete; the compressive elastic
modulus increased when the water-cement ratio
decreased steadily; the decline in the water-cement
ratio was achieved by increasing the compressive
strength of cement-emulsified asphalt concrete.

3.2. Influence of Different Dosages of Emulsified Asphalt on
Concrete Properties. The ratio of modulus to strength in-
dicates the internal relationship between the characteristics
of tensile strength and elastic modulus of concrete; the
modulus is an important index to assess the plasticity of
emulsified asphalt concrete [9]. The test results indicate that
except for the Xql specimen, the elastic moduli of cement-
emulsified asphalt concrete specimens were all below
5.2 GPa on the 90th day. The ratio of modulus to strength of
concrete was relatively low. In general, this ratio was less
than 500. Under some circumstances, it was even below 200.
The results indicate that the deformation capacity of emul-
sified asphalt concrete is greater than the ordinary hydraulic
concrete. Therefore, cement-emulsified asphalt concrete has
excellent toughness when it is treated with moderate com-
pressive concrete.

Table 6 indicates that the compressive strength, splitting
tensile strength, and the tensile strength of cement-emulsified
asphalt concrete decreased gradually when we steadily in-
creased the content of emulsified asphalt. In this case, there
was sharpest reduction in the compressive strength of con-
crete; however, the growth rate of long-term strength was
higher than that of undoped emulsified asphalt concrete. For
emulsified asphalt concrete, the ratio of modulus to strength
was significantly lower than the concrete devoid of emulsi-
fying asphalt.

The hydration of cement was delayed by incorporating
emulsified asphalt, making concrete own retarding property.
This phenomenon can be explained as follows: the emulsified
asphalt contained a high amount of water; the water was
released after demulsifying the previously emulsified asphalt.
The resultant asphalt subsequently participated in the hydra-
tion of cement. On the other hand, some bitumen-coated
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TaBLE 5: Properties of cement-emulsified asphalt concrete under different water-binder ratios.
Compressive strength Splitting tensile strength . Tensile strength
Elastic modulus (GPa
Samples (MPa) (MPa) (GPa) (MPa)
14d 28d 90d 14d 28d 90d 14d 28d 90d 28d 90d
Xql 6.7 9.5 15.1 0.64 0.93 1.33 2.96 4.81 10.53 0.88 1.04
Xq6 5.6 8.2 13.3 0.55 0.80 1.19 2.48 3.53 5.14 0.73 0.90
Xql2 4.8 7.2 10.5 0.50 0.70 1.00 1.16 3.04 4.53 0.65 0.85
Xq2 41 5.4 7.7 0.38 0.53 0.70 1.98 2.48 3.07 0.50 0.65
Xqlo 3.6 5.0 6.9 0.34 0.50 0.68 1.15 2.18 3.16 0.45 0.57
Xql5 3.2 4.0 59 0.30 0.38 0.60 0.62 1.01 1.68 0.38 0.50
TaBLE 6: Concrete properties under varying dosages of emulsified asphalt (water-cement ratio 0.45).
Compressive strength Splitting tensile lasti dul Elastic mo dulus ani TenSIl;

(MPa) strength (MPa) Elastic modulus (GPa) compressive strengt! strengt

Samples ratio (MPa)
14d 28d 90d 14d 28d 90d 14d 28d 90d 14d 28d 90d 28d 90d
Xq4 13.5 20.8 24.4 0.90 1.60 2.00 12.15 17.79 19.87 900 855 814 1.10 1.78
Xq6 5.6 8.2 13.3 0.55 0.80 1.19 2.48 3.45 5.14 442 430 387 0.75 1.10
Xql0 3.6 5.0 6.9 0.34 0.50 0.68 1.15 2.18 3.16 319 436 485 0.56 0.65

cement particles and hydration products significantly alter the
concrete structure, eventually reducing the interfacial bonding
strength of the concrete, leading to a decrease in the early
strength of the concrete.

3.3. Influence of Varying Dosages of Clay on Concrete
Properties. In plastic concrete, the toughening component is
clay as it is able to improve the deformation property of plastic
concrete. After mixing emulsified asphalt concrete with clay,
we investigated the properties of the mixed material. Thus, we
analyzed the influence of varying the dosages of clay on the
properties of cement-emulsified asphalt concrete. To obtain
the correct mix proportion of emulsified asphalt concrete, we
strictly maintained the following parameters: the water-
binder ratio of 0.45, the asphalt-cement ratio of 0.4, and
the clay content of 0%, 20%, and 40%, respectively. Table 7
presents the test results of this analysis.

The results indicate that clay reduces the elastic modulus
of cement-emulsified asphalt concrete. Except for the Xq7
specimen, the ratios of modulus to strength were below 500
for all the specimens. The compressive strength of the Xq6
specimen reached 8.0 MPa, and the ratio of modulus to
strength was 430 on the 28th day. When clay is incorporated
into plastic concrete, its strength is significantly increased
compared to clay-free samples. In both cases, we maintain
the same modulus ratio [10].

By increasing the content of clay in cement-emulsified
asphalt concrete, it a gradual decrease in the following pa-
rameters is observed: the compressive strength, the splitting
tensile strength, and the tensile strength. The effect of clay
was quite significant on the late compressive strength of
concrete. The late growth of splitting tensile strength was
faster in cement-emulsified asphalt concrete. In contrast, the
late growth of axial tensile strength was slower in cement-
emulsified asphalt concrete. Strength was low when cement
emulsion asphalt mixed with clay. This is caused by the inert

nature of the clay and the retardation of the emulsified
asphalt. By adding clay to the concrete, we have significantly
reduced the amount of equivalent cement. As a result, the
amount of cement hydration produced is also small. These
changes weaken the cementing capacity of gravel aggregates
and result in a thinner network structure than normal
concrete. All these undesirable reactions led to a significant
reduction in the strength of concrete.

3.4. Computed Tomography (CT). The concrete specimen
Xq6 was selected to calculate the CT mean value of each section
subjected to continuous loading [11-13]. We successfully
obtained the CT mean value of each section. Figure 1 illustrates
the following developments in the CT scan of the specimen:
seven sections were selected along the concrete column; the
cross-sectional area was 66.50 cm?, and the spacing for each
section was 25 mm. Figure 2 illustrates the gray scale CT'scan of
each concrete section under different stress. Figures 3(a) and 3(b)
illustrate the CT mean values curve of each section subjected
to continuous load.

As can be seen in Figures 3(a) and 3(b), the three sections
of cement-emulsified asphalt concrete were not damaged,
but the other four sections were destroyed seriously. This
occurred due to the low strength and plasticity of cement-
emulsified asphalt concrete. There was relatively small
variation in the CT mean values of the first three sections
when they were subjected to different loads. This indicates
that the state of concrete altered due to compaction and
microdilatancy. In the other four sections of the sample, we
observed four different concrete damage evolutions: the
compaction of each section increased dramatically as we
steadily increased the load. This leads to an increase in the
density and CT average of cement-emulsified asphalt con-
crete. When the load was increased to 5.15 MPa, we observed
that the CT value of each section started declining slightly.
This indicated the initial stage of concrete damage. When we
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TaBLE 7: Concrete properties under varying dosages of clay.

. Elastic modulus and Tensile
Elastic modulus .
(GPa) compressive strength
strength ratio (MPa)

90d 14d 28d 90d 14d 28d 90d 28d 90d

1.40 1.97  4.02 7.32 213 362 438 0.95 1.28

248  3.53 5.14 442 430 387 0.75 1.10

0.60 0.83 1.57 3.58 268 374 568 040  0.55

Compressive Splitting tensile
Samples  Clay (%) strength (MPa) strength (MPa)
14d 28d 90d 14d 28d
Xq5 0 9.2 11.1 16.7 1.00 1.10
Xq6 20 5.6 8.2 13.3 0.55 0.80
Xq7 40 31 4.2 6.3 0.20 0.40
h
N~ M~
=} I S A4
N
_

FIGUure 1: Cross sections of cement-emulsified asphalt concrete
(size: mm).

increased the limit load to 5.44 MPa, we observed the de-
velopment of microcrack for the first time. Subsequently, the
expansion was substantially enough to accelerate the
damage. Then, we observed too many cracks developing in
the specimen within a very short period of time. However,
there was significant reduction in the volume of specimen
expansion, the rapid diminution of the density, and the CT
mean value. Finally, we destroyed the lower section of the
specimen by increasing the load to 5.30 MPa.

3.5. Analysis of Binary Image. In the mathematical mor-
phology method, we used integral geometry to define geo-
metrical parameters, which were then used to indirectly
measure and characterize irregular geometric shapes. More-
over, the random nature of the image was comprehended by
random set theory of the method [14-17]. Therefore, it can be
used to quantitatively describe CT images of concrete struc-
ture. To determine the variation in each pixel gray value and to
estimate the crack criterion for each pixel gray value, we used
the following equation:

H;;= max(Hi,j’ Hiyjp Hijars Hi+1,j+1)’ (2)
where H; ; is the CT gray value of the 7 line and j column
pixel, i,j=1,2,3,...,1024. All the image data are repre-
sented by 0 and 1; therefore, you can extract the crack by
setting a gray threshold as follows: when the intensity is
greater than the threshold indicated by 1 or is less than the

threshold indicated by 0. The data matrix of a gray scale
image representing 1-pixel size was considered as a unit for
statistics; it was substituted into the equation to extract
threshold & at a certain crack, so it can be realized through
binarization of the cracked image, namely, crack extraction.
When H; ; <&, the points are included in the crack area;
when H;;<§, the points are included in the noncracked
area. Figure 4 and Table 8 present the test results of this
analysis.

Figure 5 illustrates that there are many cavities in the
cement-emulsified asphalt concrete specimens; these cavities
have an uneven size in the specimens. In the cement-
emulsified asphalt concrete specimens, stress concentra-
tion occurs easily and a crack initiation point develops.
These undesirable events ultimately lead to widespread
cracks that damage the specimen completely.

By examining the CT scan binary image, we can sum-
marize the development trend of the crack in each section of
the specimen. In the concrete section A-7, we observed
continuous cracks at the microscopic level. However, other
sections did not form continuous crack until the loading was
increased to 4.9 MPa. In this period, the concrete exhibited
alternating stages of compaction and microdilatancy. These
observations complied with the results of CT number
analysis. When the load was increased continuously, we
observed the gradual development of crack in section A-7.
First, only two continuity cracks were observed at the edge of
the section. The crack width subsequently increased. At the
same time, scattered fine cracks were observed in the middle
of the cross section, which correlates with the formation at
the crack edge. All these cracks substantially destroyed the
section of concrete. Based on these observations, we infer
that the concrete crack was caused by the hole present in
sections A-4 and A-6. When the load was increased to
5.44 MPa in section A-4, we observed intermittent micro-
cracks. Furthermore, we observed continuous cracks when
the load was increased to 5.30 MPa. Near the hole, stress
concentration appeared when the section A-6 was subject-
ed to stress. Thus, the development of cracks was rapid,
extending into the weak zone of the concrete structure. All
these developments resulted in the separation of cemen-
titious materials and aggregates at the interface. Such
closely connected, adjacent cracks were observed in an
interlaced and interconnected fashion, leading to the de-
velopment of crack propagation. Crack stress unleashed
rapidly with the propagation of cracks. When the load
was increased in definite increments, we could not ob-
serve continuous cracks in the section A-2; the section was
minutely examined by the CT image intuitive method.
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FIGURE 2: Gray CT picture of concrete cross section under various stresses (28d). (a) 0 =3.18 MPa, (b) 0 =5.15MPa, (c) 0 =5.44 MPa, and

(d) 0=5.30 MPa.

However, a small piece of continuous crack was detected
when we implemented the binary image analysis method on
the section exposed to the ultimate load, and the continuous
crack developed due to low compressive strength and
a certain amount of toughness in cement-emulsified asphalt
concrete.

When the cement-emulsified asphalt concrete was
subjected to the ultimate load, we observed fine cracks in the
upper section; however, these cracks were observed because
the upper part was experiencing alternating states of com-
paction and expansion. Based on these observations, we
conclude that a lot of voids had developed in the cement-
emulsified asphalt concrete. These cracks were immensely

useful in dissipating the external pressure. Furthermore, the
toughness of the material increased tremendously when the
concrete was mixed with the emulsified asphalt and the clay-
toughening component; therefore, the novel hybrid material
was experiencing alternating states of compaction, expan-
sion, reconsolidation, and reexpansion when subjected to
increasing amounts of load. In the specimen, we mainly
observed small cracks and discontinuous cracks. In other
words, the specimen does not crack even when subjected to
an increased load. In the middle and lower parts, we ob-
served a large connectivity crack under the action of failure
load; however, penetrating crack was not observed in the
upper and lower layers.
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FIGURE 3: (a) CT mean value comparison of each cross section under continuous loading (3.18 MPa, 3.55 MPa, 3.85 MPa, and 4.41 MPa).
(b) CT mean value comparison of each cross section under continuous loading (4.41 MPa, 5.15 MPa, 5.44 MPa, and 5.30 MPa).

1.0

14
o

o
=)

Cumulative frequency of gray scale
=) =}
o 9

e
w

250

0.4 1
0 50

150 200 300

Gray scale

(a)

100

1.0

14
o

o
=)

Cumulative frequency of gray scale
=) =}
o 9

e
w

150 200

Gray scale

(®)

0 50 100 250 300

FIGURE 4: (a) Cumulative frequency of gray scale with the load of 5.44 MPa and 3.18 MPa under section A-7 of Xq6. (b) Cumulative
frequency of gray scale with the load of 5.30 MPa and 3.18 MPa under section A-7 of Xq6.

TaBLE 8: Binary analysis threshold of each section of Xq6.

Sections 5.15 MPa to 5.44 MPa to 5.30 MPa to Mean
3.18 MPa 3.18 MPa 3.18 MPa

A-2 — — 75 75

A-4 — 73 69 71

A-6 71 65 62 66

A-7 84 79 81 81

3.6. Scanning Electron Microscope (SEM) Analysis. The SEM
images of emulsified asphalt-cement paste specimens’ hy-
dration products at 7th and 28th day of different dosage
combinations as in Table 4 are shown in Figure 6.

As shown in Figure 6(a), C-S-H gel, Ca(OH),, AFt,
AFm, and other hydration products were observed along
with the unhydrated cement clinker particles in the undoped
emulsified asphalt and clay cement at the 7th day. Moreover,
the slurry was highly porous in nature. In addition, some
products had not yet developed into a crystalline form
completely at the 7th day: C-S-H gel was mainly type II, but
it was difficult to find C-S-H gel particles of type III. There
were some needle-shaped ettringite (AFt) in the holes be-
cause gypsum and lime stimulated the samples to form
ettringite [18, 19] (AFt). When we increased the ageing
period in definite increments, we observed that there was
a decrease in unhydrated cement particles; however, the
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FIGURE 5: Binary image of the Xq6 specimen under different stress sections (28 d). (a) 0 =3.18 MPa, (b) 0=3.55 MPa, (c) 0=4.9 MPa,
(d) 0=5.15MPa, (e) 0 =5.44 MPa, and (f) 0 =5.30 MPa.
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FIGURE 6: SEM images of cement-emulsified asphalt paste samples: on the 7th day, (a) without emulsified asphalt and clay, (b) with
emulsified asphalt, (c) with clay, and (d) with emulsified asphalt and clay; on the 28th day, (e) without emulsified asphalt and clay, (f) with
emulsified asphalt, (g) with clay, and (h) with emulsified asphalt and clay.

amount of hydration products increased simultaneously,
and the structure gradually became dense. The shape of
hydration products C-S-H of cement paste was approxi-
mately the same when the cement paste was mixed with
single-doped emulsified asphalt [20], single-doped clay, and

pure cement; the product was mainly appearing in the form
of spherical C-S-H gel. Figure 6(c) illustrates the part where
the clay particles fill the void, leading to the formation of
a structure that is more compact than the single-doped
emulsified asphalt-cement paste. Furthermore, we also
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observed a small amount of needle-shaped ettringite (AFT),
small pieces of plate-type Ca(OH), crystals, and fly ash
particles; the hydration products had completely wrapped
these minor products. Figures 6(b) and 6(d) illustrate that
the emulsified asphalt was not involved in the hydration
reaction of cement; however, many pores were observed in
the cement-emulsified asphalt paste. These pores were
caused by the “vacancy” of bubble burst and water evapo-
ration during the forming process. The surface of the slurry
is not smooth; it is very uneven and there is a lot of bump
[19, 21-23]. Asphalt particles were round in shape, with
a significant portion of particles being encased with cement
particles or clay particles. These factors decelerated the
cement hydration rate, leading to the slow development of
concrete strength.

Figure 6(e) shows the nature of products on the 28th day
of ageing: hydration products were fibrous (type I), meshy
(type II), and granular (type III) C-S-H gels (some type I of
C-S-H gel shape were flowers). Furthermore, we also ob-
served Ca(OH), crystal and monosulfate calcium sulfoalu-
minate hydrates in the form of hexagonal flakes. Figure 6(g)
shows that the clay particles were gradually surrounded by
fibrous, flocculent, and layered hydration products. In ad-
dition, C-S-H gel and hydrated sulfoaluminate had inter-
twined with each other to form a relatively dense structure,
leading to a reduction in the volume of pores. However,
crystals of hydration products appeared in a haphazard
arrangement. As shown in Figures 6(f) and 6(h), emulsified
asphalt contains water that initiates and promotes hydration.
As a result, the hydrate content gradually increases. The
shape of asphalt particles had changed from a regular sphere
to an irregular ball pie. These particles had got attached to
the cement hydration products.

3.7. X-Ray Diffraction Analysis (XRD). The XRD patterns of
emulsified asphalt-cement paste specimens’ hydration prod-
ucts at 7th day and 28th day of different dosage combinations
as in Table 4 are shown in Figures 7 and 8.

As shown in Figures 7 and 8, the hydration products of
cement-emulsified asphalt paste were substantially similar
even in different proportions; the main hydration products
were C,S, C3S, Ca(OH),, and ettringite. The amount of
hydration products were increasing gradually with the
progress of ageing process, but a different number of hy-
dration products were generated in different cementitious
systems. The ettringite diffraction peaks of X2 and X3
specimens are higher than the peaks of X0 and X1 specimens
on the 7th and 28th days of ageing.

The patterns clearly illustrate that kaolinite, quartz, and
calcite were the main components of clay. By comparing the
specimens X0, X2, and X3, we found that this clay was a kind
of inert admixture, and it was not involved in the hydration
reaction. The reaction played a significant role in generating
products, which acted as fillers in the concrete. Thus, the
concrete pore structure improved tremendously, and there
was a sharp decline in the rate at which the load damaged the
concrete. By comparing the X-ray diffraction patterns
of both types (doped and undoped) of emulsified asphalt
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FiGUure 7: X-ray diffraction pattern of cement-emulsified asphalt
paste under different proportions for 7 d.
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FiGure 8: X-ray diffraction pattern of cement-emulsified asphalt
paste under different proportions for 28 d.

specimens, we found that there was no chemical reaction
between asphalt and cement. Moreover, no new mineral
phases were formed in the cement hydration products. Thus,
only Ca(OH), and other characteristic peaks were observed
in the patterns of cement-emulsified asphalt; the patterns
included all the characteristic peaks of hydration products
obtained from cement. Furthermore, characteristic peaks
representing new material were not observed in the patterns.
When we used different proportions of specimens, the
intensity of diffraction peaks representing the specimens
was different at different ages; the diffraction peak of X0
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FIGURE 9: TG-DTA curves of paste specimens with different mix
ratios for 7d.

was higher than that of X1 on the 7th day of ageing;
however, the diffraction peak of X0 was slightly lower than
that of X1 on the 28th day of ageing. Both these effects
were related to the retarding property of the dopant in
the emulsified asphalt. Furthermore, there were obvious
amorphous peaks of components in the diffraction pattern,
and these peaks were observed due to the scattering of
asphalt.

3.8. Differential Thermal Analysis (TG-DTA). Table 4 shows
the results of differential thermal analysis that was per-
formed on mix proportions of cement-emulsified asphalt
concrete. Figures 9-11 illustrate the TG-DTA curves of the
cement-emulsified asphalt with different mix ratios on the
7th, 28th, and 90th day of ageing.

The TG curves clearly manifest that the changes in the
intensity of peak with respect to the three ages; these changes
in peak intensity completely agreed with the changes ob-
served with the variation of temperature. A relatively small
loss of mass is observed when the X2 specimen is mixed with
single clay. In contrast, a massive loss of mass is observed
when the X1 specimen is mixed with single-emulsified as-
phalt. Moreover, the mass loss gradually increased with the
increasing ages, indicating that the hydration reaction of
paste samples was becoming more adequate when they were
allowed to age for a longer period of time. In the graph,
a weak peak appeared from 80°C to 100°C; the peak char-
acterized the dehydration of calcium silicate hydrate and
ettringite. A sharp peak was observed between 400°C and
500°C, and this peak represented the endothermic valley of Ca
(OH), dehydration. Finally, a sharp peak was observed be-
tween 650°C and 700°C, and it represented the endothermic
valley of CaCO; decomposition. Despite using different
proportions, the hydration products of cement paste were
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FiGUure 11: TG-DTA curves of paste specimens with different mix
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basically the same as that of X0, but the number of products
produced was slightly different.

The DTA curve illustrates that there was a steady de-
crease in the content of Ca(OH), crystals in the X0 specimen
at the late stages of analysis. This indicates that Ca(OH), is
involved in the secondary hydration reaction. In the X1
specimen containing single emulsion asphalt and the X3
composite specimen containing the dopant, the content of
Ca(OH), increased at the late period. The heat flow of X1
was 23 mw, 30 mw, and 25 mw on the 7th, 28th, and 90th day
of ageing, respectively. This indicates that the hydration rate
of Ca(OH), was relatively slow at the early stage; however, it
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increased rapidly at the late stage of analysis. This effect has
been attributed to the retarding effect of emulsified asphalt,
which is in complete agreement with the above analysis
results; the results represent the mechanical properties of
concrete.

4. Conclusions

(1) Emulsified asphalt incorporation in concrete delayed
the hydration of cement, resulting in relatively slow
development of early compressive strength of con-
crete; the late strength of concrete increased rapidly
with the demulsification of emulsified asphalt and
hydration of cement. The elastic modulus of plastic
concrete is small, and the compressive strength is
low. Mixed with emulsified asphalt and clay, the
concrete whose compressive strength of 28d could
reach 9MPa was with lower elastic modulus; the
ratio of modulus to strength of the concrete was
generally less than 500 and even some below 200, and
the deformation capacity was greater than that of the
ordinary hydraulic concrete.

(2) The CT mean value analysis of cement-emulsified
asphalt concrete specimens showed that the failure
process of cement-emulsified asphalt concrete could
be divided into 4 stages: compaction, dilatancy, crack
propagation, and failure. The volume expansion of
each section was not consistent, and the variation of
the CT mean value of each section was different; the
CT mean value of the place near the lower end face
suffered a larger decline but a smaller decline to the
upper part of the sample. The evolution of concrete
suffering damage to failure is a gradual development
process, and no sharp expansion of brittle failure,
which further showed that the cement-emulsified
asphalt concrete had certain toughness.

(3) There were many pores in the cement-emulsified
asphalt paste and a lot of uneven bump on slurry
surface. A large number of cement hydration
products and some asphalt films which cladded on
the surface of the hydration product formed the
hardened paste skeleton. The unhydrated cement,
asphalt, fibrous C-S-H gel, CH, needle-shaped
ettringite, and other hydration products were in-
terwoven to constitute emulsified asphalt-cement
paste and to form a spatial structure. There was
no chemical reaction between cement and asphalt
which produced by demulsification of emulsified
asphalt, but there was a retarding effect of emulsified
asphalt. The cement-emulsified asphalt concrete has
certain plasticity, so we can explore it using in the
permanent seepage control engineering under deep
overburden.
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The deterioration mechanism of recycled plaster (R-P) was studied. The large specific surface area (SSA), improper preparation
temperature, increased water requirement of R-P, and microstructure of its hardened body were analyzed by particle size distribution
(PSD), Blaine method, differential scanning calorimetry (DSC), scanning electron microscopy (SEM), and nitrogen adsorption
porosimetry. The results indicated that the properties of R-P were deteriorated, but its strength decreases from 50% at the same
manufacturing process to 30%-40% at similar specific surface area. The analysis shows that the large SSA, poor morphology, narrow
PSD, and increased internal detects give rise to increase of water requirement. In addition, the deterioration properties are caused by
unsuitable temperature of preparation, loose structure, and large average pore diameter in hardened R-P as well.

1. Introduction

The development of economy has brought about the wide
use of plaster of Paris (POP) in construction [1-3] and in
ceramic factories [4, 5] as the raw materials of slip casting
models, thus producing brazen increase of waste gypsum
(WQG) after their utilization. According to Sudrez, the
output of gypsum wallboards produced annually is 80
million tons, and the amount of gypsum dumped in
landfills is 15 million tons per year [6]. It not only wastes
the gypsum resources but also arouses environment
problems, endangering human health [7-9]. Hence, recy-
cling WG is necessary for offering cost reduction and
environment protection.

Great efforts have been exerted in the utilization of WG
and several approaches are also tried, such as using WG as
aretarder in making Portland cement [6], soft clay [10-13],
ceramic products [14], new drywalls, and non-load-
bearing bricks [15]. However, in most of the related
application mentioned above, the utilization of WG is
limited, and the problems brought by WG can not be
effectively solved. Large plate gypsum is also prepared
from WG via the wet process [16], which is unfavorable
considering the complex process and may not be feasible in

the industrial production on a large scale. f-Hemihydrate
of calcined WG (R-P) as a low-energy material can be
produced by the reversible reaction between gypsum
dihydrate and gypsum hemihydrate in an electric oven at
180°C [16]. Nevertheless, the utilization is still very little
owing to the deterioration performances of R-P compared
with POP. So, mastering the deterioration mechanism of
R-P is of great importance and urgency for its utilization.
There have been several investigations on the deterioration
mechanism of R-P, and the deterioration is commonly
ascribed to its large specific surface area [17]. However,
only limited research on other possible factors inducing
R-P deterioration except for the large specific surface areas
(SSAs) was published in the common sources by the
scholars, which seriously hinders the utilization of R-P.
Our study found that the unsuitable preparation tem-
perature, increase of water requirement, and micro-
structure changes of its hardened R-P were also important
factors. Thus, deterioration mechanism of R-P studied in
our work is systematic.

In this paper, the above mentioned factors have been
fully analyzed to investigate the deterioration mechanism of
R-P comprehensively. The authors expect the research will
lay a ground work for the utilization of R-P.
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TaBLE 1: Chemical composition of VG used (%).

Virgin gypsum SO, CaO SiO, Al,O3 Fe, 05 K,O SrO
Chemical composition 47.57 38.73 1.15 0.42 0.13 0.07 0.04
VG POP Hardened

POP

R-P

Hardened
R-P

FiGure 1: The flowchart of preparing R-P and its hardened R-P.

TABLE 2: Properties of POP

and R-P under the similar SSA.

Setting time 2h strength (

MPa) Dry strength (MPa)

SSA (min) Water absorption
Gypsum 51 -1 W/P . ) o
(m~kg™) Initial Final Flexural Compressive Flexural Compressive (%)
strength strength strength strength
POP 1098 0.68 26 30 2.47 4.59 4.50 6.98 38.89
R-P 1114 0.85 33 46 1.66 2.94 2.70 4.80 40.65

2. Experimental Details

2.1. Materials and Preparation of R-P. The virgin gypsum
(VG) was purchased from Yingcheng in China. The chemical
composition of VG determined by X-ray fluorescence (XRF)
is shown in Table 1. Preparation of R-P is shown in Figure 1,
and their measurement of water-plaster ratio (W/P), setting
time, and strength were done according to GB/T 9776-2008
[18]. The experimental details have been introduced in our
earlier research [19], and the SSA was tested according to
GB/T 8074-2008 [20].

2.2. Experimental Techniques. To eliminate the effect of SSA
of R-P, it is necessary to mill POP into the approximate SSA
with R-P (Table 2). Thus, POP with SSA of 1098 m*/kg and
R-P with SSA of 1114m?*/kg were employed to analyze
possible influencing factors that can induce the deterioration
of R-P.

In order to study the effect of unsuitable preparation
temperature on the deterioration of R-P, the relationship be-
tween strength and calcination temperatures was established.
Moreover, the calcination temperatures are 130°C, 150°C, 160°C,
165°C, 170°C, 175°C, 180°C, and 200°C (Figure 2), respectively.

To facilitate understanding the going of the work, a di-
agram for experimental work is presented in Figure 3.
Briefly, the properties (water requirement, setting time,
strength, and water absorption) were measured first, and
then the deterioration mechanism was determined from the
large SSA, unsuitable preparation temperature, reasons for
increased water requirement, and microstructure changes of
its hardened R-P.

2.3. Materials Characterization. The morphological in-
vestigations were observed by the scanning electron mi-
croscope (TESCAN VEGA III LMH). The internal detects
were measured via simultaneous DSC/TG instrument
(SMP/PF7548/MET/400W) [21]. The particle size distribu-
tion was analyzed via a laser particle size analyzer (Mas-
tersizer 2000) after dispersing POP and R-P in anhydrous
ethanol with an ultrasonic bath. Pore size distribution and
porosity of pastes were investigated by an adsorption meter
(ASAP 2020) with nitrogen full adsorption.

3. Results and Discussions

3.1. Large Specific Surface Area. Under the same preparation
process as POP, the properties of R-P were deteriorated
seriously, which is displayed in Table 3. Clearly, the W/P {ml
water/300 g plaster powder (water-plaster ratio)}, setting
time, and water absorption were all increased, whereas the
strength of R-P was decreased by approximately 50% (Figure 4).
At this time, SSA of R-P was increased from 452m°/kg to
1114 m?/kg; thus, the deterioration properties of R-P were
caused by its large SSA, which is in harmony with the previous
findings [17].

Table 2 gives the properties of R-P and POP under the
similar SSA. This table was overwhelmingly proving that the
properties of R-P were also deteriorated despite approximate
SSA obtained by POP and R-P. To our surprise, the strength
decreasing rate was reduced from 50% to 30%-40% (Figure 4).
Therefore, it could be concluded that there were, in addition
to large SSA brought about, other reasons for property de-
terioration of R-P.
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TaBLE 3: Properties of POP and R-P under the same preparation process.
21 1 Settlng time 2h strength (MPa) Dry strength (MPa) .
Gypsum  SSA (m~kg) W/P (min) Water absorption (%)
Initial  Final  Flexural = Compressive  Flexural = Compressive
POP 452 0.63 8.5 13.5 2.94 5.95 5.29 10.08 29.50
R-P 1114 0.85 33 46 1.66 2.94 2.70 4.80 40.65
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FIGURE 4: The decreasing rate in the strength of R-P.

3.2. Unsuitable Preparation Temperature. It has been re-
ported that under constant experimental conditions, gypsums
of different origin have different dehydration characteristics
and physical properties [22], and the reactivity of hemihydrate
depends largely on the temperature of preparation [23]. So,
we conclude that various physical properties of R-P can be
observed under different calcination temperatures since it is
known that strength is the comprehensive aspect charactering
the properties of plaster. Therefore, an attempt has been made
to correlate the strength of R-P and POP with different
temperatures of preparation so as to find out the effect of
preparation temperature on properties of R-P, which is seen
in Figure 2.

As the preparation temperature increases, the strength
changes of POP and R-P are shown in Figures 2(a) and 2(b),
respectively. From the figures, it is clear that the compressive
strength (CS) of POP increased rapidly to 10.08 MPa around
180°C and then dropped to 8.85 MPa at 200°C. The flexural
strength (FS) of POP rose dramatically to 5.11 MPa around
160°C, and this number remained slightly increased until
180°C but then suffered a sharp drop. Therefore, the suitable
preparation temperature of POP is 180°C; at this time, the
initial setting time and final setting time are 8.5min and
13.5 min, respectively, meeting the standard of GB 9776-
2008 [18]. While for R-P, the compressive strength and
flexural strength were at a peak around 165°C and 160°C,
respectively. The setting time can satisfy the standard re-
quirement when the calcination temperature was 165°C.
Hence, it could be drawn that the unsuitable prepara-
tion temperature led to the deterioration properties of
R-P as well.

3.3. Reasons for Increased Water Requirement. The mor-
phology [24], particle size distribution (PSD) [25], and in-
ternal detects [21] are of critical factors associated with the
water demand property of plaster. Hence, the morphology,
PSD, and internal detects of POP and R-P were measured via
SEM, laser particle size analyzer, and DSC curves, which are
presented in Figure 5.

Figures 5(a) and 5(b) show the crystal morphology of
POP and R-P, respectively. It can be seen that the mor-
phology of R-P is totally different from that of POP,
depending on their origin of gypsum. The morphology of
plaster, made of needle-shaped gypsum crystals, changes
with the properties of gypsum. The origin gypsum of POP
was relatively dense with almost no pores (Figure 6(a)).
However, the origin gypsum of R-P was loose with much
pores (Figure 6(b)), which contributed to the morphology
changes. Clearly, POP possesses many spheroidal particles
and includes some rode-like crystals with an aspect ratio of
1-2. While the aspect ratio of R-P crystals increases, the
morphology are changed to acicular-like crystals with an
aspect ratio of 5-6, which make R-P crystals occupy acicular-
like and rode-like crystals. According to the principle
enunciated by Li et al. [19] and Peng et al. [24], the water
requirement of plasters are increased with the increase of
aspect ratio. The needle-shaped crystal has poor fluidity and
can increase the water requirement of plaster greatly, and the
ideal crystal has an aspect ratio of 1:1 for reducing the water
demand. Hence, it can be concluded that the water re-
quirement of R-P is increased by its poor crystals.

Simultaneously, particle size distribution (PSD) results
presented in Figure 5(c) further confirm the increase of
water demand of R-P. It is noticed that the grading of R-P is,
though two peaks are both occupied, obviously different
from POP. A broad peak of POP is observed, where the full
width at half maximum (FWHM) of the first peak and
second peak are 18.75 and 22.50, respectively, if the width of
POP is 100. While a narrow peak is seen in R-P, FWHM of
the first peak and second peak are 16.25 and 18.75, re-
spectively. Besides, its average particle size of R-P decreases
from 54.614 ym to 12.882 ym. The coarse plasters require
little water while plasters with narrow PSD reduce the
packing density, thus requiring much water for standard
consistency [26]. Therefore, much water of R-P is acquired
to satisfy the fluidity.

To gain further insight into the reasons for the increase
of water requirement, DSC analysis was carried out to
evaluate the internal detects of R-P, which is presented in
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Figure 5(d). Clearly, the decomposition temperature of R-P gain good crystallization while plasters with more internal
is 144°C, a little lower than that of POP. Some reported  detects have low decomposition temperature; thus, little in-
studies have indicated that plasters with little internal detects ~  ternal detects acquire high decomposition temperature [21].
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TABLE 4: Pore characteristics of hardened POP and hardened R-P.

Sample Average pore diameter (nm) Cumulative pore volume (cm3~g’1)
Hardened POP 11.5892 0.066
Hardened R-P 14.6917 0.062

So, it could be concluded that more internal detects are
obtained by R-P, increasing its water requirement, which is
in good agreement with the SEM and PSD results.
Although the increased water requirement of R-P is not
conducive for use in construction, it is of great importance
for the ground improvement projects. According to Kamei
et al,, the improvement in strength when R-P was added to
the soil was mainly depending on the potential of R-P to
absorb water from the tested soil. The presence of R-P in soil
mixture had a significant effect on the reduction of natural
water content, subsequently the strength was improved.

3.4. Microstructure of Hardened R-P. The strength of R-P
paste depends largely on the characteristics of the micro-
structure, such as crystal morphology and size, and char-
acteristics of matrix joints and pore structure [25].

Therefore, the morphology and pore structure were mea-
sured by SEM and nitrogen adsorption porosimetry, re-
spectively, which are shown in Figure 7 and Table 4.

The SEM images of hardened POP and hardened R-P are
presented in Figures 7(a) and 7(b), where significant differ-
ence can be observed. Owing to the high W/P and low re-
action rate, a loose structure with many tufted crystals was
shown in hardened R-P. Crystals of short aspect ratio can be
clearly observed as well, reducing the overlapping of crystals;
consequently, the strength of R-P is weakened. While for
hardened POP, the crystals are slightly refined, little rode-like
crystals of short aspect ratio can be readily detected. It displays
arelatively compacted network with much needle-like crystals
of long aspect ratio interweaving together horizontally and
vertically, resulting in the preferable development and lapping
tightly of crystals attributing high strength of POP.
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It is widely known that the characteristics of pore
structure are of essential importance for understanding the
strength and wettability of hardened R-P [23]. So the porosity
and pore size distribution of hardened POP and hardened R-P
are measured, which are displayed in Table 4 and Figure 7(c),
respectively. Clearly, the average pore diameter of hardened
R-P, though the close cumulative pore volumes with hard-
ened POP are obtained, increases drastically. The high
quantity of coarse pores existed in hardened R-P is also
confirmed by the pore size distribution results in Figure 7(c).
Fine pores acquire high strength while pores with big di-
ameter obtain low strength. The pore structure results are
good consistent with SEM. The attainment of low strength
and high wettability is associated with its coarse pores. It is
well known that wettability is an important parameter for
construction. R-P presents high water absorption. Therefore,
low moisture resistance would be observed under wet envi-
ronment, and radical decrease of mechanical properties
would appear with the increasing moisture as well, which
limits its utilization in building construction.

4. Conclusions

The following conclusions can be drawn from this study:

(1) The properties of R-P are deteriorated; nevertheless,
the strength decreases from 50% at the same
manufacturing process to 30%-40% at similar spe-
cific surface area. Therefore, the large specific surface
area contributes to the deterioration of R-P.

(2) Except for large specific surface area of R-P, there are
other influencing factors increasing the water re-
quirement, such as poor morphology, narrow par-
ticle size distribution, and its incremental internal
detects.

(3) The suitable preparation temperature of R-P is re-
duced to 165°C; thus, the properties of R-P are de-
teriorated severely when unsuitable temperature of
preparation is adopted.

(4) Hardened R-P possesses a loose structure and coarse
pores, thus decreasing its strength.

(5) In principle, the research on recycled plaster will
provide a theoretical basis of efficient utilization of
waste gypsum.
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For the popularized structural application, steel fiber-reinforced expanded-shale lightweight concrete (SFRELC) with high freeze-
thaw resistance was developed. The experimental study of this paper figured out the effects of air-entraining content, volume
fraction of steel fibers, and fine aggregate type. Results showed that while the less change of mass loss rate was taken place for
SFRELC after 300 freeze-thaw cycles, the relative dynamic modulus of elasticity and the relative flexural strength presented clear
trends of freeze-thaw resistance of SFRELC. The compound effect of the air-entraining agent and the steel fibers was found to
support the SFRELC with high freeze-thaw resistance, and the mechanisms were explored with the aid of the test results of water
penetration of SFRELC. The beneficial effect was appeared from the replacement of lightweight sand with manufactured sand.
Based on the test results, suggestions are given out for the optimal mix proportion of SFRELC to satisfy the durability requirement

of freeze-thaw resistance.

1. Introduction

On the purpose of utilizing the local raw materials, steel fiber-
reinforced expanded-shale lightweight concrete (SFRELC)
was developed, which applied the expanded shale as coarse
aggregates and the lightweight sand of expanded-shale’s
byproduct or the manufactured sand as fine aggregates. Based
on the systematically experimental studies, SFRELC has re-
liable basic mechanical properties [1-4], reasonable strength
development [5], enhanced carbonization resistance, and
reduced shrinkage [5, 6]. To verify the possibility of applying
SFRELC in the wet environments at cold and severe cold areas
of China [7], the experimental study was carried out on the
freeze-thaw resistance of SFRELC in this paper.

After searching the literature, although few investigations
were found to research the freeze-thaw resistance of steel
fiber-reinforced lightweight aggregate concrete (SFRLAC),
the results exhibited a good prospect for the development of
SFRELC with high freeze-thaw resistance. Ishida et al. [8]
reported that the freeze-thaw resistance of SFRLAC could be
improved by the increase in the bond force between slenderer
steel fibers with a large bond area and a high-strength matrix.
Huo et al. [9, 10] discovered that the freeze-thaw resistance of
pumice lightweight concrete could be enhanced by adding
hybrid fibers (steel fiber and polypropylene fiber) due to the
decrease of strength loss, although the bond between steel
fibers and the matrix became weaker with the increase of
freeze-thaw cycles. Li et al. [11] concluded that steel fibers can
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TaBLE 1: Physical properties of lightweight sand and manufactured sand.
Identifier Fineness Particle density ~ Bulk density 1h water Mud content Stone powder Methylene blue value
modulus (kg/m’) (kg/m?) absorption (%) (%) (%) (g/kg)
L 3.56 1659 946 9.0 1.5 —
M 2.50 2730 1930 0.90 — 7.9 0.75

(d)

FiGure 1: Morphology features of aggregates and steel fibers. (a) Expanded shale; (b) lightweight sand; (c¢) manufactured sand; (d) steel

fibers.

improve the freeze-thaw resistance of SFRLAC characterized
by the mass loss rate and the relative dynamic modulus of
elasticity, as the matrix spalling from frost heaving was re-
strained by steel fibers.

In view of the benefit of air-entraining to freeze-thaw
resistance of concrete [12-16], the content of the air-
entraining agent was also considered as a main factor in
this paper. The freeze-thaw resistance of SFRELC was ex-
perimentally studied and comprehensively evaluated by the
indexes of the mass loss rate, relative dynamic modulus of
elasticity, and relative flexural strength. The compound effect
of the air-entraining agent and steel fibers and the beneficial
effect of manufactured sand on freeze-thaw resistance of
SFRELC are analyzed. The mechanisms are explored with
the aid of test results of water penetration of SFRELC.
Suggestions are given out for the optimal mix design of
SFRELC with high freeze-thaw resistance.

2. Experiment

2.1. Raw Materials. 'The ordinary silicate cement was grade
42.5, the water requirement of normal consistency was
26.4%, and the initial and final setting times were 150 min
and 248 min. The compressive strength was 22.8 MPa at 3
days and 50.8 MPa at 28 days, and the tensile strength was
4.1 MPa at 3 days and 8.0 MPa at 28 days.

The sintering expanded shale with a maximum size of
20 mm was used as coarse aggregates sieved in continuous
gradation based on the maximum density principle [17, 18].
The bulk and particle densities were 800kg/m® and
1274kg/m’, the cylinder compressive strength was 5.0 MPa,
the 1-hour water absorption was 6.1%, and the mud content
was 0.2%.

Two kinds of fine aggregates were used, respectively. One
was the lightweight sand made of the byproduct of sintering
expanded shale in continuous gradation with a size of
1.6-5mm [17, 18] and another was the manufactured sand
[19, 20]. Table 1 lists their physical properties.

The steel fiber was of milling type with length /=30 mm
and equivalent diameter d=0.8mm. The aspect ratio
l/d¢=37.5.

Figure 1 shows the morphology features of coarse ex-
panded shale, lightweight sand, manufactured sand, and
steel fibers.

Others were tap water, polycarboxylic acid super-
plasticizer with 19% water-reducing rate, and polycarboxylic
acid air-entraining admixture.

2.2. Mix Proportion of SFRELC. The mix proportion of
SFRELC was designed in accordance with the specifications
of Chinese standards [17, 21], where the absolute volume
method was adopted. The volume fraction of steel fibers (py),
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TABLE 2: Mix proportion of concrete.

Mix no. Mae (%0)  pe (%) Cement (kg/m®)  Water (kg/m’)  Steel fiber (kg/m®)  Sand (kg/m’) Expanded shale (kg/m?)
10.00/0.0 0.00 0.0 460 138 — 490 520
10.00/0.8 0.04 0.8 550 165 62.4 452 469
10.04/0.8 0.04 0.8 550 165 62.4 452 469
10.08/0.8 0.08 0.8 550 165 62.4 452 469
L0.12/0.8 0.12 0.8 550 165 62.4 452 469
10.08/0.0 0.08 0.0 460 138 — 490 520
10.08/0.4 0.08 0.4 505 153 31.2 471 494
L0.08/1.2 0.08 1.2 595 179 93.6 432 443
MO0.08/0.8 0.08 0.8 550 165 62.4 743 469

the content of the air-entraining agent (m,.), and the type of
fine aggregates were considered as the test parameters. Based
on previous studies of fundamental properties of SFRELC
with good workability [1-6], the water-cement ratio was
fixed as w/c=0.30, while the sand ratio was 42% and the
dosage of the water reducer was 4.0% cement mass. Table 2
lists their combinations for the test of 9 trials, where the
letter in mix no. is the identifier of fine aggregates and the
following digits represent m,. and pr.

Based on previous experimental studies, prewetting the
lightweight aggregates had beneficial effects on the me-
chanical properties especially on the shrinkage reduction of
SFRELC [1-6]. This may also be beneficial to decrease the
water penetration and to increase the freeze-thaw resistance
of SFRELC. Zhao et al. [22] reported that the water pene-
tration was reduced for SFRLAC with saturated lightweight
aggregates, and Ali et al. [23] reported that the freeze-thaw
resistance of lightweight aggregate concrete was improved at
early ages by increasing the saturation level of aggregates.
Although there were some contract conclusions [24, 25] or
no relationship [26, 27] reported, the differences may be
resulted from the different pores’ structure (open or closed)
and water absorption of lightweight aggregates [15, 28, 29].
Therefore, the expanded shale and lightweight sand of this
experiment were prewetted as the saturated dry surface by
using the additional water counted with the 1-hour water
absorption. All mixes of this study had good workability
with slump of 120 mm-150 mm.

2.3. Preparation of Specimens. Specimens for the freeze-thaw
test were 100 mm x 100 mm x 400 mm prisms; 189 speci-
mens for 9 trials were prepared, and each trial had 21
specimens. Specimens for the water penetration test were
circular truncated cones with a bottom diameter of 185 mm,
tip diameter of 175 mm, and height of 150 mm; 54 specimens
for 9 trials were prepared, and each trial had 6 specimens.

The single horizontal shaft forced mixer was used. The
expanded shale and lightweight sand (except for M0.08/0.8)
were firstly prewetted in the mixer for 1 hour, and then, the
manufactured sand (only for M0.08/0.8), the cement, and
half dosage of the mix water were added and mixed for 30s.
During the mixing, the water reducer and air-entraining
agent as well as residual mix water were added. After that,
the steel fiber was sprinkled into the mixer and mixed for
3 min.

The specimens formed by steel moulds on the vibration
platform. After being cast for 24 hours, they moved from
moulds and cured in the standard curing room for 28 days
before testing.

2.4. Test Methods. Test methods of this experiment were in
accordance with the specifications of the Chinese standard
GB/T 50082 [30] and ASTM standard C666 [31]. The freeze-
thaw resistance was measured by using the test method for
rapid freezing and thawing in water, and the main test
apparatuses were the rapid freeze-thaw test machine, the
tester of the dynamic modulus of elasticity, the hydraulic
universal test machine, and the balance. The freeze-thaw
resistance was presented by the mass loss rate (Am,,) and the
relative dynamic modulus of elasticity (P,) calculated as
follows:

may—m

Am, = —2 "% 100,

m, - (1)
2

Pnzf—;‘xloo, (2)
15

where m, and m,, are the mass of the specimen at the be-
ginning and after n cycles of the freeze-thaw test, re-
spectively, and f, and f, are the transversal base frequency
of the specimen at the beginning and after n cycles of the
freeze-thaw test, respectively.

The durability factor (DF) was used to evaluate the
freeze-thaw resistance [7]:

2
DF = fiz’" x 100, (3)
fa
where f5, is the transversal base frequency of the specimen
after 300 cycles of the freeze-thaw test.

Before 300 cycles of freezing and thawing, if the relative
dynamic modulus of elasticity (P,) and the mass loss rate
(Amy,,) reached 60% and 5%, respectively, at n cycles, then the
DF was computed as follows:

n
DF =0.6 x —. 4
300 @

Based on previous studies [9-11], the strength loss of
SFRLAC is better to reflect the freeze-thaw resistance.
Therefore, the flexural strength of SFRELC was tested in
accordance with the specification of the Chinese standard
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FIGURE 2: Changes of the mass loss rate with freezing-thawing
cycles.

GB/T 50081 [32]. The concentrated loads were exerted on
the three dividing points, and the relative flexural strength
(f,) was defined as follows:

fr= Ju x 100, (5)
fo
where f, and f, are the flexural strength of the specimen at
the beginning and after n cycles of the freeze-thaw test,
respectively.

To explain the freeze-thaw mechanism in aspect of the
water transport property of SFRELC, the depth of water
penetration was measured [30]. The main test apparatuses
were the testing machine for water penetration of concrete,
the hydraulic universal test machine, and the steel ruler.
After the specimens in a group were fixed in the testing
machine, the hydraulic pressure was exerted within 1.2+
0.05 MPa for 24 hours. Then, the specimens were split on the
hydraulic universal test machine. The depth of the water
stain was measured by the steel ruler at 10 points in equal
space divided along the bottom splitting line. The depth of
water penetration of each specimen was counted as the mean
value of these 10 points and that of one group (h,) was the
mean value of six specimens.

3. Results and Discussion

3.1. Mass Loss Rate. The mass change of the SFRELC matrix
comes mainly from two parts: one is the increment due to
the water absorbed in the pores and capillaries of concrete
during freezing and thawing and another is the decrement
due to the surface peeling of set cement and aggregates.
When the latter is greater than the former, the mass loss rate
computed by formula (1) is positive, which always means the
better internal structure the matrix has, and the freeze-thaw
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FIGURE 3: Test values of the height of water penetration.

damage takes place from the surface successively. When the
latter is lower than the former, the mass loss rate is negative,
which always means the poor internal structure the matrix
has, and the freeze-thaw damage takes place because of the
internal expansion of absorbed water inside the pores and
capillaries [12, 33].

Figure 2 presents the changes of mass loss rate of
SFRELC with the freeze-thaw cycles. The negative mass loss
rate of L0.00/0.0 increased by adding steel fibers in 1.0.00/0.8.
This condition was improved successively by the addition of
the air-entraining agent from 0.4%o to 1.2%o. When the
content of the air-entraining agent was not less than 0.8%o,
the mass loss rate of SFRELC became positive normally.
Under the condition of SFRELC with 0.8%o air-entraining
agent, the mass loss rate changed from negative to positive
with pg=0.4% and 0.8% before 175 freeze-thaw cycles, and
then, it remained positive and increased with the increasing
freeze-thaw cycles. When pr=1.2%, the mass loss rate
remained positive all the time. When N=300 and
Am, =0.42% and 0.51% for SFRELC with p;=0.8% and
1.2%, the mass loss rate was the same for L0.08/0.0 without
steel fibers. Compared to L0.08/0.8 with lightweight sand,
the mass loss rate of MO0.08/0.8 with manufactured sand
changed slightly until N =300.

The changes of mass loss rate were identical to the water
penetration properties as shown in Figure 3. Compared to
L0.00/0.0, L0.08/0.0 had a higher resistance to water pen-
etration with 7.27% reduction of h, and L0.00/0.8 had
a lower resistance to water penetration with 25% increment
of h,. This exhibited the different roles of the air-entraining
agent and steel fibers affecting the microstructure of
SFRELC. The air-entraining agent imported even dispersed
bubbles with minuteness and closed and mutually un-
correlated characteristics [13-15], which led to the higher
density of SFRELC matrix with improved uniformity of
zigzag capillaries. The steel fibers increased the connectivity
of internal pores and capillaries due to the defects of in-
terfaces along steel fibers in the matrix [9, 10, 22]. Therefore,
the results of water penetration of SFRELC reflected the
compound function of the air-entraining agent and steel
fibers.

With the increase of m1, = 0.04%0-0.12%o, h,, of SFRELC
dropped down obviously. Compared to L0.04/0.8, h, of
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FiGUure 4: Changes of the relative dynamic modulus of elasticity
affected by content of the air-entraining agent.

L0.08/0.8 and L0.12/0.8 reduced 22.1% and 30.5%, re-
spectively. This reflects the marked benefit of air-entraining
to improve the resistance of SFRELC to water penetration.
When m,. = 0.08%o, h,, of SFRELC with lightweight sand was
almost equal except the larger one, 11.2mm of L0.08/1.2.
Combined with h,, of 10.12/0.8, more air-entraining was
needed for L0.08/1.2 to get the reduced hj,. In a word, the
balance between volume fraction of steel fibers and air-
entraining controlled the water permeability of SFRELC.

When replacing lightweight sand by manufactured sand,
the resistance of SFRELC to water penetration increased
with the reduction of h, from 10.2 mm to 8.1 mm. This is due
to the beneficial effects of stone powder in manufactured
sand [19, 20]: the microaggregate filling effect on density, the
activity effect and crystal nuclei effect on cement hydration
degree, and the enhancement effect on hardness and bond
property of the interfaces among the composites. Theoret-
ically, these effects should also comprehensively improve the
interfaces among steel fibers and set cement.

Given above, the mass loss rate reflected some in-
formation about the freeze-thaw resistance of SFRELC,
where the negative and positive values gave the relative
degree of water absorption and surface peeling off during the
cycles of freezing and thawing. However, because of the
integrity maintained and undetected surface scaling of
SFRELC specimens, the mass loss rate was less changed with
the increasing freeze-thaw cycles, and it was not a sensitive
parameter to represent the freeze-thaw resistance of
SFRELC.

3.2. Relative Dynamic Modulus of Elasticity. The dynamic
modulus of elasticity is closely linked with the constitutes
and microstructures of concrete, which is affected sensitively
by the interior pores and unsubstantial interface [12, 33].
Figure 4 exhibits the changes of relative dynamic modulus of
elasticity with freeze-thaw cycles affected by the content of

5
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F1Gure 5: Changes of relative dynamic modulus affected by volume
fraction of steel fibers and fine aggregates.

the air-entraining agent. Compared to L10.00/0.0, P, of
L0.08/0.0 decreased slowly with the increasing freeze-thaw
cycles. This is identical to the previous studies for the freeze-
thaw resistance of lightweight aggregate concrete [9, 13-15],
which benefits from the air-entraining effectiveness for the
improvement of the microstructure with proper amount of
closed and uniformly distributed microbubbles, resulting in
the cutting-off of pores and capillaries inside concrete. At the
same time, adding steel fibers in L0.00/0.8 without the air-
entraining agent led to the drop down of P,. This is con-
sistent with the increased depth of water penetration as
shown in Figure 3. With the increasing content of the air-
entraining agent, the reduction of P, became slow, while the
changes of P, for 1L0.08/0.8 and 10.08/0.0 were almost the
same. When m,.=0.12%o, the P, of L0.12/0.8 decreased
slightly until N=300. Therefore, the P, of SFRELC was
sensitive to the addition of steel fibers and the air-entraining
agent. For the design of freeze-thaw resistance of SFRELC,
the balance between the beneficial effect of the air-entraining
agent and the harmful effect of steel fibers should be
comprehensively considered.

Figure 5 exhibits the changes of relative dynamic
modulus of SFRELC with freeze-thaw cycles affected by the
volume fraction of steel fibers. With m,.=0.08%o, the P,
reduced slowly with the increasing volume fraction of steel
fibers. When p¢=1.2%, the P, reduced slightly. This
exhibited that, with proper content of the air-entraining
agent, SFRELC reached the higher freeze-thaw resistance
with the assistance of a lager amount of steel fibers. Despite
the increase of water penetration to some extent as shown in
Figure 3, the beneficial effects of steel fibers on the con-
finement of internal shortages and the bridging on micro-
cracks appeared successively [6, 11], and the integrity of
SFRELC was maintained by overcoming the ice expansion in
pores with the increasing freeze-thaw cycles. Therefore, the
compound effect of the air-entraining agent and steel fibers
led to the high freeze-thaw resistance of SFRELC.

Meanwhile, Figure 5 also exhibits the changes of relative
dynamic modulus of SFRELC with freeze-thaw cycles af-
fected by the fine aggregate. With m,.=0.08%0 and
pr=0.8%, the SFRELC with manufactured sand had higher
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TaBLE 3: Test results of the DF of SFRELC.

Specimen no. L0.00/0.0 10.00/0.8 L0.04/0.8 10.08/0.4 10.08/0.0 10.08/0.8 1L0.12/0.8 10.08/1.2 MO0.08/0.8

DF 0.31 0.12 0.20 0.68 0.84 0.84 0.94 0.94 0.98
TaBLE 4: Specified minimum value of the DF.

Design service life 100 years 50 years 30 years

Environmental Highly Moderately Highly Moderately Highly Moderately

condition saturated saturated saturated saturated saturated saturated

Severe cold area 0.80 0.70 0.70 0.60 0.65 0.50

Cold area 0.70 0.60 0.60 0.50 0.60 0.45

Partial freezing area 0.60 0.60 0.50 0.45 0.50 0.40

TaBLE 5: Test results of the relative flexural strength of SFRELC.

. Freeze-thaw cycles, N
Specimen no.

75 150 175 225 300
L0.00/0.0 46.5 18.9 9.8 — —
L0.00/0.8 62.7 29.7 17.4 3.4 —
10.04/0.8 71.6 41.6 — 19.6 —
L0.08/0.0 95.3 83.8 — 75.3 63.4
L0.08/0.4 77.5 53.0 — 41.8 26.2
L0.08/0.8 96.6 89.0 — 82.3 74.1
10.12/0.8 95.2 86.9 — 82.1 74.9
L0.08/1.2 96.1 89.3 — 85.7 80.0
MO0.08/0.8 95.3 94.9 — 88.4 81.9

freeze-thaw resistance than that using lightweight sand. This
is identical with the experimental results of water pene-
tration shown in Figure 3.

Table 3 lists the test results of the DF of SFRELC. Table 4
presents the minimum value of the DF specified in the
Chinese standard for the durability design of concrete
structures [7]. It can be seen that air-entraining is quite
necessary for the SFRELC with certain freeze-thaw re-
sistance even in the partial freezing area. With proper
contents of the air-entraining agent and steel fibers, SFRELC
with high freeze-thaw resistance can be applied in every
freezing area, even in the highly saturated environmental
condition of severe cold areas.

3.3. Relative Flexural Strength of SFRLAC. Table 5 lists the
test results of the relative flexural strength of SFRELC with
the increase of freeze-thaw cycles. The changes of relative
flexural strength were similar to those of relative dynamic
modulus of elasticity, which appeared more sensitive to the
freeze-thaw cycles. Without adding the air-entraining agent,
SFRELC lost the flexural strength rapidly after 75 freeze-
thaw cycles. When pg=0.8%, the relative flexural strength of
SFRELC obviously improved with the increase of m,, from
0.04%o0 to 0.08%o. When my,.>0.08%0, SFRELC with
pr=>0.8% had higher relative flexural strength. Replacing
lightweight sand with manufactured sand also gave the
SFRELC with high relative flexural strength. These dem-
onstrated that the flexural strength of SFRELC decreased
with the increase of freeze-thaw cycles due to the weakened
bond of steel fibers with the matrix.

4. Conclusion

In this paper, the effects of air-entraining, steel fibers, and
fine aggregate type on the freeze-thaw resistance of SFRELC
were experimentally studied and explained on the mecha-
nisms in consistent with the test results of water penetration.
The conclusions can be drawn as follows:

(1) Due to the water importing and exporting peculiarity
of SFRELC, the mass loss rate could not reach the
limit of 5%. It was not a good index to evaluate the
damage of SFRELC due to freezing and thawing.
Comparatively, the relative dynamic modulus of
elasticity of SFRELC had a clear trend to reflect the
freeze-thaw resistance, and the relative flexural
strength of SFRELC was more sensitive to the freeze-
thaw cycles.

(2) Air-entraining was quite necessary for the devel-
opment of SFRELC with high freeze-thaw resistance.
Steel fibers were harmful to the freeze-thaw re-
sistance of SFRELC without air-entraining. How-
ever, the harmful effect of steel fibers could be
overcome with the assistance of air-entraining. With
proper air-entraining, the freeze-thaw resistance of
SFRELC increased with the increasing volume
fraction of steel fibers. This exhibited the compound
effect of the air-entraining agent and steel fibers on
the freeze-thaw resistance of SFRELC.

(3) The replacement of lightweight sand with manu-
factured sand in SFRELC could enhance the freeze-
thaw resistance. The reduction of relative dynamic
modulus of elasticity became slow with the in-
creasing freeze-thaw cycles, while the reduction of
relative flexural strength became smaller.

(4) The proper mix proportion design should pay at-
tention to the compound effect of the air-entraining
agent and steel fibers, which controlled the degree of
freeze-thaw resistance of SFRELC. In this experi-
mental study, several instances of SFRELC with high
freeze-thaw resistance were developed to meet the
requirement of applying in freezing areas even in
severe cold areas under highly saturated environ-
mental condition; however, the quantitative relations
for the design should be further studied.
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Cracking tendency is one of the important performances of dry-mixed plastering mortar (DMPM). Environmental condition is a key
factor to affect the cracking tendency of DMPM. For the purpose of evaluating the cracking resistance of DMPM and revealing the
influence of environmental conditions on the cracking tendency of DMPM, a series of experiments were performed on restriction-
induced cracking behaviors as well as free shrinkage, water loss, and mechanical properties of DMPM. The restricted shrinkage tests
were based on ring tests and plate experiments. The results showed that the initial drying age exhibits significant influence on the
cracking tendency of DMPM, and there was a stress balance period when the initial drying age was 2 days. But, the phenomena
cannot be observed when the initial age was 3d, 5d, and 7 d. In order to eliminate the cracking tendency of DMPM, it should avoid
water loss from the plaster layer during construction in practical engineering, especially, before initial drying ages.

1. Introduction

Compared with traditional plaster mortars, dry-mixed
plaster mortar (DMPM) is a more environmentally
friendly building material by reducing air pollution and
waste production on construction sites. It can reduce carbon
dioxide emissions, help the construction site keep clean, and
allow for more flexibility in storage space for materials while
reducing cement redundancy after the cement finishing is
completed. Moreover, this new and advanced construction
material is convenient to deploy and transport, delivers
product with stable quality, helps us to facilitate construc-
tion, and saves materials [1-6]. There are many causes
resulting in cracking of concrete, and shrinkage is of the
upmost importance among them [7-11]. If the concrete is
restrained, when the tensile stress induced by drying
shrinkage exceeds the tensile strength, cracking would
happen [9, 12-15]. By the same token, shrinkage cracking is
also an important problem in wall plastering mortar. There

are a variety of wall plastering mortar cracking causes in-
cluding thermal gradients, moisture gradients, and attacks
from external and internal environments [16]. Drying
shrinkage, which is one of the major causes of cracking of
cement mortar, is related to the water loss from mortar. The
early age cracking behavior is very complex because it not
only depends on the manifestation rate and magnitude of the
shrinkage of the hardened cement paste with ages but also
other factors such as strength development, degree of re-
straint, stress relaxation, and shape of the structure.
Currently, many investigators focus on revealing the
mechanisms of cracking by several kinds of experiments and
developing prediction models of crack development
[12, 16-18]. The ring test is a commonly used method for
assessing the potential of shrinkage cracking. Moon and
Weiss used the ring test to assess the restrained shrinkage
behavior of mortar and concrete under various conditions
[5,8,9,12,17, 19]. They proposed revisions to the estimation
equations developed in previous studies to consider the
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TaBLE 1: Mix proportions of dry-mix plaster mortar (g).
Grade Cement Thickening powder Fly ash Water Sand
DMPM 15 160 7 23 342 810

Advances in Materials Science and Engineering

i

‘,[hl\v' ]

FiGURE 1: Water loss rate test of the DMPM prism specimen.

changes in stress in the cross section because of differential
drying shrinkage. These stress changes were caused by
different levels of ambient relative humidity, and the posi-
tion of the cross section of the concrete ring [7, 19].

In this paper, the ring tests were performed to quali-
tatively assess shrinkage and cracking tendency of DMPM
under different environmental conditions, including dif-
ferent wind speed, types of subbase, and initial drying age. In
addition, free shrinkage and tensile strength of DMPM
specimens were performed with the same cross section in the
same environmental condition.

2. Experiment Program

2.1. Raw Materials and Mixture Proportion. Cement type
used in this study is P-O 42.5 in accordance with Chinese GB
175-2007, and bentonite was used as a thickening powder
agent. Grade I fly ash in accordance with Chinese GB/T
1596-2005 was employed as mineral admixture. The fineness
modulus of natural river sand was 2.3, and the rate of water
and dry material was 0.18. Table 1 shows the mix proportions
of dry-mix plaster mortar.

2.2. Water Loss Rate. In order to study the relationship
between drying shrinkage and water loss of mortar speci-
mens, the free shrinkage and the water loss rate of a pyramid
specimen were tested, respectively. The size of specimen was
40 mm x 40 mm x 160 mm. The specimens were placed in
a 20+£2°C, 50 £5% RH environment at initial drying age.
It is generally known that the wind can promote water
evaporation. In order to investigate the influence of wind en-
vironment on DMPM, the water loss rate of the pyramid prism
specimen was tested under wind speed at 0m/s, 4m/s, and
8 m/s. Figure 1 shows the method for testing the water loss rate
of the pyramid prism specimen under different wind speeds.

2.3. Restrained Shrinkage Test A: Ring Test. Due to its
practicability, and easy operation to measure strain or stress,
the “ring test” was commonly used to assess the potential for

Test points: I, I1, III, IV

+— Outside steel ring
— Inside steel ring
— Plastering mortar specimen

— Backplane

D =300+£3mm
d=260+3mm

FIGURE 2: Schematic diagram of the ring restraint test device.

shrinkage cracking. The device consists of a mortar ring
specimen that was cast around a steel concentric ring
[7,9,12,15,17,20, 21]. As the mortar ring dries, the shrinkage
was prevented by the steel ring, which results in the devel-
opment of restrained tensile stress in the mortar specimen.
The simple ring specimen geometry allows it to be fabricated
easily. In addition, the low cost of the system enables several
tests to be conducted concurrently over long periods of time.

This paper utilized the restrained ring test to gather
information as internal stress development in the mortar
system. Figure 2 shows the ring restraint test device used in
this study. The outer steel ring was used as mould during
casting the DMPM specimen, and the inner steel ring was
used as restraint. The inner ring was fixed on a subbase
which was made of hydrophobic surface smooth material.

The internal ring strain induced by the DMPM shrinkage
was measured by 4 strain gauges, axisymmetrically fixed at
the midheight of the inner surface of the metal rings (Figure 2).
On the other hand, in this paper, “a quarter bridge” strain
gage was collected to test stress, and data acquisition au-
tomatic logging interval was set to 30 min. The constant
temperature of test environment is at 20+2°C, and the
relative humidity is 50 £ 5 percent.

The ring specimen is shown in Figure 3. The ring was
restrained against horizontal movement in the radial di-
rection, and internal pressure, p, develops when the ring
shrinks. Based on theory of elasticity, the stress was com-
posited by one component g, (in the circumferential di-
rection) and the other component o, (in the radial
directions). The stress o and o, can be calculated according
by the following equations:

(re/r)2 +1

A Sl 1
SN G W
B (ro/r)’ -1 5
= m-t? ¥
B (ro/r)> +1 (3)
NGRS
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0y (in tension) ——>

0, (in compression)

Figure 3: Distribution of internal stress and simplification for
fracture analysis.

where r, and r; are the external radius and internal radius,
respectively. Distributions of ¢4 and o, are indicated in
Figure 3. « is a constant associated with the device. p is the
internal pressure of the internal ring. The internal pressure, p,
can be tested by strain gages at test points I, II, III, and IV. The
value of p is average measurements of these four test points.
The relationship between circumferential shrinkage and the
internal pressure p can be obtained by elastic stress analysis.

_ Ef@
() (i)

i

p

(4)
E
(re+ri)/ (ri-rd) +u

B =

where &4 is the shrinkage strain, E is the modulus of elas-
ticity, and u is Poisson’s ratio, and in this paper, g = 0.28.
B is a constant associated with the device.

So, (1) can be rearranged to yield

Oy = (XﬁEQ. (5)

In this experiment, two identical specimens were con-
ducted. In order to reduce friction between the subbase and
the specimens, two layers of plastic film were covered on the
upper surface of the subbase. The DMPM mixture was casted
into the mould with two layers. And the specimens were
placed in standard conditions (the constant temperature of
test environment was 20 + 2°C, and the relative humidity was
50 £+ 5%) until the initial drying age of 2d, 3d, 5d, and 7d.
Before the dry experiment being started, the specimen
surface must be covered with moist layer of linen and
stamped with plastic film to prevent moisture to loss. The
next step was to remove the outer ring and to seal the outside
of the specimen with aluminum foil to ensure that water
loses only through the outer surface of the specimen. Then,
samples began to dry.

2.4. Restrained Shrinkage Test B: Plate Test. The method of
plate test was performed following “cement mortar crack

Halogen lamp shining

Flat specimen
FIGURE 4: Schematic diagram of the plate-restrained test.

resistance test method” (Chinese technical specification
JC/T 951-2005). In order to study the influence of drying
conditions on cracking tendency of DMPM, the specimens
were exposed to ambient condition at the age of 1d, 2d, 3d,
5d, and 7 d. During the drying period, the direction of the
wind from electric fan was parallel to the surface of the plate
specimen. The wind speed in the specimen transverse
centerline was 0 m/s, 4 m/s, and 8 m/s. At the same time, two
1000 W power halogen lamps were lighting for 4h. After
24 h, the width and length of crack were measured and the
crack index is calculated. The schematic diagram of the
plate-restrained test is shown in Figure 4.

3. Results and Discussion

3.1. Influences of Initial Drying Age and Wind Speed on
Flexural  Strength —and Compressive  Strength  of
DMPM. Strength (compressive strength and flexural
strength) characteristics of DMPM played a decisive role in
its crack resistance. After an initial moist curing period of
1d, 2d, 3d, 5d, and 7d, the development of compressive
strength and flexural strength of DMPM was performed with
the age increasing.

Figures 5(a)-5(c) show that the initial drying age and
wind speed would have adverse effects on the flexural
strength of mortar and the same as on compressive strength.
On one hand, when DMPM be exposed to drying condition
earlier, more water would be evaporated from it. On the
other hand, greater wind speed means faster rate of moisture
evaporation. The both undermine hydration of DMPM and
in turn affect the strength. The influence of DMPM’s initial
drying age on its strength is more mild than that of different
wind speeds.

3.2. Drying Shrinkage (DS) Characteristics of DMPM under
Different Conditions. In order to discuss water loss rate
(WLR) laws and drying shrinkage characteristics of DMPM,
we analyzed the relationship between water loss rules and
drying shrinkage of DMPM by experiments.

3.2.1. Influence of Wind Speed on Water Loss Rate (WLR) of
DMPM. During the drying process, the free and absorbed
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FIGURE 5: Flexural strength and compressive strength with different wind speeds. (a) 0 m/s. (b) 4m/s. (c) 8 m/s.
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water is lost from DMPM. It affects the performance of
DMPM. We investigated WLR under different curing
conditions, including wind conditions and initial drying age.
Figures 6(a)-6(c) show the values of WLR of DMPM in
different wind speeds of 0 m/s, 4 m/s, and 8 m/s. The WLR of
DMPM was rapid at the early stage, but it decreased with the
age, and WRL became slower gradually, until it comes to
constant values.

3.2.2. Relationships between Water Loss Rate (WLR), Initial
Drying Age, Wind Conditions, and Drying Shrinkage (DS) of
DMPM. Obviously, water loss rate, initial drying age, and
wind conditions affect the drying shrinkage of DMPM. The
curves of Figures 7(a)-7(e) show the relations between wind
speed conditions, initial drying age, and drying shrinkage.

According to the ultimate shrinkage value, we can classify the
rate of water loss to three grades: first, maximum WLR, for the
initial drying age was 1 day; second, middle WLR, the initial
drying age was 2d and 3d; and third, minimum WLR, the
initial drying age was 5d and 7d. We can make different
strategies to deal with the water loss of DMPM.

In the early age, drying shrinkage of DMPM increased
with age, and then the development of drying shrinkage
slowed down. The rate of DMPM drying shrinkage was faster
at initial age and then tended to be gentle. On the other hand,
in the same wind speed, the later the initial drying age, the
larger the drying shrinkage value of DMPM was, which was
due to much more water lose, and the volume change was
larger. But the effect was remarkable at drying age from 5th
day to 20th day. And it was more obvious while the wind
speed was 4 m/s and 8 m/s.
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FIGURE 7: Water loss rate of DMPM with different moisture curing times. (a) 1 day. (b) 2 days. (c) 3 days. (d) 5 days. (e) 7 days.
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FIGURE 8: Shrinkage stress with different moisture curing ages. (a) 2 days. (b) 3 days. (c) 5 days. (d) 7 days.

3.3. Cracking Tendency of Restrained Shrinkage Test: Ring
Test and Plate Test

3.3.1. Ring Test. Obviously, the ring test can provide
quantitative information on DMPM early age stress and
cracking of DMPM. The tests showed that, firstly, under the
same initial drying age, the greater the wind speed, the faster
the development of the DMPM ring test strain was and the
greater the restraint effect of the steel ring on the DMPM
ring, the larger the tensile stress induced by drying
shrinkage. The reason was that the water loss occurs earlier
while DMPM is exposed in the dry environment, and the
elastic modulus of DMPM ring was lower. The test results
also showed that the drying shrinkage value that corre-
sponds to the cracking moment was greater as the cracking
age of the DMPM ring was delayed. Conversely, if the
cracking age of the DMPM ring was earlier, the cracking

stress of the DMPM ring was smaller. It indicated that the
DMPM drying shrinkage deformation was smaller. It means
that the anticrack performance is weak. Finally, under the
same wind speed, the development rate of the tensile stress
was smaller while the DMPM sample was exposed to the dry

environment sooner.
Figure 8(a) shows that the shrinkage stress development

of the DMPM sample, which was exposed to the dry en-
vironment after 2d moisture curing, had a stress balance
period and continued for two weeks. But the phenomenon
was not observed during the tests of DMPM with other
initial drying age. Our interpretation of this is that, first of
all, the elastic modulus of the DMPM ring specimen was
smaller as the initial drying age was 2d, and the restrained
stress was smaller; secondly, the internal free water of pieces
of the DMPM specimen was enough to hydrate and evap-
orate, and then drying shrinkage of the ring specimen
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FIGURE 9: The relationship between cracking index and initial
drying age.

increases slowly. Due to the abovementioned three reasons,
a stress balance period occurs.

3.3.2. Plate Test. The cracking index data of flat test (Figure 9)
showed that the cracking occurs more easily while the ini-
tial drying age of DMPM was earlier. More cracks would
be produced when the plate sample moisture evaporated
faster, and the value of cracking index test was larger as the
wind speed was larger. But this phenomenon holded only for
initial 3 d moisture curing. The plate specimen starts to dry
after 3 d curing under moisture conditions, and the value of
the crack index had a same appearance in different wind
conditions. The results also showed that the cracking index
presented an exponential decay with age increasing in wind
environment, but appeared linear attenuation in nonwind
environment.

4. Conclusions

The aim of this experimental work was to study the influences
of environment conditions on cracking tendency of DMPM.
Relevant results were obtained during the experimentation:

(1) The steel ring restrained test is an effective experi-
ment method to measure restrained stress and strain
of DMPM.

(2) The ring tests showed that under the same initial
drying age of DMPM, the greater the wind speed, the
faster the development of the ring test strain was, and
the greater the restraint effect of the steel ring on the
ring test piece, the larger the tensile stress caused by
the shrinkage was. If cracking age of circular test
pieces was earlier, the DMPM drying shrinkage
deformation was smaller. It means that the anticrack
performance is weak. Under the same wind speed,
the sooner the DMPM sample exposed to the dry
environment, the smaller the development rate of the
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tensile stress is. The development of internal
shrinkage stress of DMPM, which pieces were stored
in dry environment after 2 day age curing in
moisture condition, possessed a stress balance period
and continued for some time

(3) The flat tests showed that the cracks produced more
easily while the initial drying age of DMPM was
earlier. The cracking index presented an exponential
decay with age increasing in wind environment, but
appeared linear attenuation in nonwind environment.

In summary, in order to eliminate cracking tendency of
DMPM,, it should avoid water loss from the plaster layer
during construction in practical engineering, especially,
before initial drying ages.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

The authors gratefully acknowledge the financial support
from the National Natural Science Foundation of China
(Project nos. 51378471 and 51778583). They also thank
everyone for providing assistance for this study. In addition,
thanks are extended to everyone for their contributions to
the experimental work.

References

[1] C. F. Huang, R. L. Chen, and J. L. Lin, “The current practice
and promotion strategy of dry-mix mortars in Tai-
wan—taking technology acceptance model as an approach,”
in Proceedings of the 2011 International Conference on Con-
sumer Electronics, Communications and Networks, CECNet
2011, Xianning, China, April 2011.

[2] J. N. Eiras, J. S. Popovics, M. V. Borrachero, J. Monzd, and
J. Payd, “The effects of moisture and micro-structural mod-
ifications in drying mortars on vibration-based NDT
methods,” Construction and Building Materials, vol. 94,
pp. 565-571, 2015.

[3] H. Bian and J. Plank, “Effect of heat treatment on the dis-
persion performance of casein superplasticizer used in dry-
mix mortar,” Cement and Concrete Research, vol. 51, pp. 1-5,
2013.

[4] J. Xianyu, T. Ye, and J. Nanguo, “Early age properties and
cracking control of concrete,” Journal of Building Structure,
vol. 30, no. 6, pp. 24-30, 2010.

[5] J. Nanguo, J. Xianyu, and T. Ye, “Analytical prediction and
experimental research on shrinkage cracking of restrained
early-age concrete,” Journal of Zhejiang University, vol. 41,
no. 9, pp. 1499-1502, 2007.

[6] T. Ohkubo, T. Inohara, and S. Matsumoto, “A study on in-

fluence the construction time of year affects the cracks of

plastering mortar restrained by concrete,” Journal of Struc-

tural and Construction Engineering, vol. 77, no. 673,

pp. 333-340, 2012.

S. A. Al-Saleh, “Comparison of theoretical and experimental

shrinkage in concrete,” Construction and Building Materials,

vol. 72, pp. 326-332, 2014.

[7



Advances in Materials Science and Engineering

(8]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

T. H. Nguyen, A. Toumi, A. Turatsinze, and F. Tazi, “Re-
strained shrinkage cracking in steel fibre reinforced and
rubberised cement-based mortars,” Materials and Structures,
vol. 45, no. 6, pp. 899-904, 2012.

D. P. Bentz, M. R. Geiker, and K. K. Hansen, “Shrinkage-
reducing admixtures and early-age desiccation in cement
pastes and mortars,” Cement and Concrete Research, vol. 31,
no. 7, pp. 1075-1085, 2001.

C. Zhicheng and Y. Peiyu, “Autogenous shrinkage of
shrinkage-compensating concrete,” Journal of the Chinese
Ceramic Society, vol. 38, no. 4, pp. 568-573, 2010.

M. Miao and Y. Peiyu, “Influences of water-binder ratio and
dosage of fly ash on autogeneous shrinkage of shrinkage-
compensating concrete,” Journal of the Chinese Ceramic So-
ciety, vol. 40, no. 11, pp. 1607-1612, 2012.

C. Z. Hu Hui, W. Xiaoying, C. Ke, W. Xin, and C. Ke,
“Cracking tendency prediction model of early-age restrained
mortar ring,” Journal of Civil, Architectural and Environ-
mental Engineering, vol. 3, pp. 19-25, 2015.

I. B. Topcu and T. Bilir, “Experimental investigation of drying
shrinkage cracking of composite mortars incorporating
crushed tile fine aggregate,” Materials and Design, vol. 31,
no. 9, pp. 4088-4097, 2010.

S. Xu and Y. Zhu, “Experimental determination of fracture
parameters for crack propagation in hardening cement paste
and mortar,” International Journal of Fracture, vol. 157, no. 1-
2, pp. 33-43, 2009.

S. P. Shah, C. Ouyang, S. Marikunte et al., “A method to
predict shrinkage cracking of concrete,” ACI Materials
Journal, vol. 95, no. 4, pp. 339-346, 1998.

C. Jiang, Y. Yang, C. Ma et al., “Evaluation of anti-cracking
performance for concrete based on temperature-stress test
and analytic hierarchy process,” Journal of the Chinese Ce-
ramic Society, vol. 43, no. 8, pp. 1017-1023, 2015.

H. Choi, M. Lim, R. Kitagaki, T. Noguchi, and G. Kim,
“Restrained shrinkage behavior of expansive mortar at early
ages,” Construction and Building Materials, vol. 84, pp. 468
476, 2015.

G. Rishi and B. Nemkumar, “Plastic shrinkage cracking
prediction in cement-based materials using factorial design,”
Journal of Materials in Civil Engineering, vol. 27, no. 9,
p. 04014244, 2015.

A. B. Hossain and J. Weiss, “Assessing residual stress de-
velopment and stress relaxation in restrained concrete ring
specimens,” Cement and Concrete Composites, vol. 26, no. 5,
pp. 531-540, 2004.

X. Ma, X. Li, C. Wang, and Z. Han, “Numerical simulation
and assessment of self-induced tensile stresses in steel ring
restrained concrete,” Journal of Wuhan University of
Technology-Materials Science Edition, vol. 25, no. 3,
pp. 530-533, 2010.

C. F. Nilsen and K. N. Subramanian, “The role of strain-rate
and phase boundary geometry on the deformation behaviour
of two-phase bicrystals of alpha-beta brass,” Journal of Ma-
terials Science, vol. 19, no. 3, pp. 768-776, 1984.



Hindawi

Advances in Materials Science and Engineering
Volume 2018, Article ID 9084279, 10 pages
https://doi.org/10.1155/2018/9084279

Research Article

Experiment on Behavior of a New Connector Used in Bamboo
(Timber) Frame Structure under Cyclic Loading

Junwen Zhou (»,"* Dongsheng Huang @®,' Chun Ni,’ Yurong Shen,' and Longlong Zhao'

ISchool of Civil Engineering, Nanjing Forestry University, Nanjing 210037, China
2School of Civil Engineering and Architecture, Changzhou Institute of Technology, Changzhou 213033, China

3FPInnovations, Vancouver, BC, Canada V6T 174,

Correspondence should be addressed to Dongsheng Huang; dshuang@njfu.edu.cn

Received 16 September 2017; Revised 5 January 2018; Accepted 29 January 2018; Published 14 March 2018

Academic Editor: Ana S. Guimaraes

Copyright © 2018 Junwen Zhou et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Connection is an important part of the bamboo and timber structure, and it directly influences the overall structural performance
and safety. Based on a comprehensive analysis of the mechanical performance of several wood connections, a new connector for
the bamboo (timber) frame joint was proposed in this paper. Three full-scale T-type joint specimens were designed to study the
mechanical performance under cyclic loading. The thickness of the hollow steel column was different among three specimens. The
specimens were loaded under displacement control with a rate of 10 mm per minute until the specimens reach failure. It was
observed that the failures of three specimens were caused by the buckling of flanges in the compression and that the steel of
connections does not yield. The load-displacement hysteretic curve for three specimens is relatively plump, and the stiffness of
connection degenerates with the increasing of cyclic load. The maximum rotation is 0.049rad, and the energy dissipation
coefficient is 1.77. The thickness of the hollow steel column of the connector has significant impact on the energy dissipation
capacity and the strength of the connection. A simplified moment-rotation hysteresis model for the joint was proposed.

1. Introduction

Timber is a natural organic material, and people easily get it
from nature and use it without much processing; therefore,
timber was employed as a construction material a long time
ago. Timber has higher strength in tension and compression
parallel to grain, light mass, and good durability, some 1000-
year timber buildings still stand well [1]. Because of friendly
environment, graceful timber texture, and simple nature,
timber building will still be enormously appealing to people.
For the timber frame structure, the beam-to-column con-
nection is usually the most unsubstantial part on account of
fabricated construction. The mechanical behavior of timber
joints directly influences the overall timber structural per-
formance and safety. As a result, the design of timber joints is
extremely important. In some Asian countries such as China,
South Korea, and Japan, mortise and tenon joints [1-5] are
traditionally used in timber buildings from dwelling houses to
palaces. In these joints, steel fasteners are not used, therefore
keeping the original beauty of the timber. However, due to the

slippage between the mortise and tenon, the energy dissi-
pation capacity of the whole structure is affected under
earthquake load. The whole building can even collapse due to
the separation between the mortise and tenon. In addition, the
mortise-to-tenon connection wakens the column cross sec-
tion at the connection, which reduces the vertical load-
carrying capacity and also negatively affects the energy dis-
sipation capacity of the column. To prevent the mortise-to-
tenon connection from separation and improve the strength
of connection, Bulleit et al. [6] used wooden pegs to fasten
mortise-to-tenon connection. But the study showed that the
split failure owes to prying force of the wood peg occurred
along with a peg hole when there is a distance between the
tenon and the sill of mortise, and either shear failure of the
tenon appeared. Moreover, Hong et al. [7] employed a T-type
steel plate to strengthen the mortise-to-tenon connection and
not to enhance the energy dissipation capacity of the joint.

Steel plate-bolted connection is another joint commonly
used to connect the beam and column in a timber structure,
which often is applied in the heavy timber structure and has
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architecture beauty because the connecting steel plate is cov-
ered with wood. However, for these types of joints, the brittle
failure mode was obvious [8-10]. Split failure along the bolt
hole in the beam is the main failure mode in this kind of joint,
and it reduces the load-carrying capacity of the joint. As the
beam and column are slotted to accommodate the steel plate,
the vertical load-carrying capacity is reduced. Under cyclic
loading, the hysteretic curve shows a clear “pinching” effect
because of the gap between the bolt and wall of the hole [8-10].

Glued-in-rod connection is also commonly used to
connect the beam and column in a timber building. The rod
is embedded in timber to connect the beam and column and
to transfer the load from the beam to the column. With
appropriate materials and good construction quality, the
glued-in-rod connection has demonstrated good structural
performance [11, 12]. The glued-in-rod connection has been
widely studied and used in various projects [13]. The ad-
vantage of glued-in-rod connection is that the steel rod is
embedded in timber to protect the steel rod from corrosion,
and the durability is better. In order to get good construction
quality, generally, the steel rod should be glued well with one
timber first part in advance and then being connected with
another part. Thus, the rod hole position on the beam and
column must be precise. As timber and glue are brittle
materials, the principle of energy dissipation is not obvious.
Vasek [14, 15] used two U-type steel connectors located at
upper and bottom edges of the beam to fasten the steel rods
embedded in the timber beam and column. This new
method could reduce stress concentration to the beam and
column and increase the energy dissipation capacity of the
joint by the deformation of U-type steel connectors. In
addition, the U-type steel connectors are applied to connect
the timber beam and column, and the position of the hole on
the steel connector can easily be changed, which is conve-
nient for connection construction on site.

Bolted timber-timber connection is a simple and prac-
tical connection for the timber beam-to-column joint. Only
bolts are used to fasten the timber beam and column and to
carry load from the girder to the post [16, 17]. Steel nails
sometimes are used to substitute for bolts. The different
mechanical performance of connection can be obtained by
changing the quantity and arrangement style of bolts. Some
special materials, such as steel plate or hard wood, are
inserted into the contacted surface of the beam and column
to improve the performance of connection as well.

For the timber beam-to-column joint, load-carrying
capacity and energy dissipation are the two primary fac-
tors to judge the performance of the joint. Huang [18] gave
a better energy dissipation connector for the timber frame
joint, but the connection between the beam and column is
not robust, slippage happens under earthquake, and shear
stiffness of the joint is less. Based on the comprehensive
analysis of the abovementioned joints, a new beam-to-
column connector was developed and presented in this
paper. The joint can connect top and bottom columns and
also link beam and column parts without weakening the
column cross section. As the mechanical behavior of this joint
under the earthquake load is unknown, an experimental study
was conducted to evaluate the stiffness, strength, energy
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dissipation, and resilience of the joint with different thick-
nesses of the hollow steel column.

2. Joint Details and Fabrication

The joint consists of two parts. One part is beam and column
members made of parallel strand bamboo (PSB) [19-21]. The
beam is 55 mm in width, 200 mm in depth, and 1050 mm in
length. Two beams were assembled in parallel. At the end of
the beams where a bolt hole was located, carbon fiber-
reinforced plastic, 8 mm in width, was used to wrap the
beams to prevent it from cracking along the bolt hole. The
top and bottom columns are 200 mm in width, 240 mm in
depth, and 700 mm in length. The column depth is paralleled
to the beam axis. The other part is a steel connector, which is
the most important part of the joint. The details of the
connector are shown in Figure 1. Four steel plates are welded
together to form a hollow column, and then, a horizontal steel
plate is welded in the middle of the hollow column to reinforce
the hollow column and to transfer load from the top column
to the bottom column. The top and bottom plates (flanges)
of the I-shaped steel beam were bent into L shape and welded
to the hollow steel column. A steel plate web was welded
between the top and bottom flanges to form an I-shaped steel
beam. Two shear connection plates were welded to the hollow
steel column and fastened to the web of the I-shaped steel
beam with a 16 mm diameter bolt. This is to ensure the
connection between the hollow steel column and the I-shaped
steel beam in case the welding between the hollow steel
column and I-shaped steel beam flanges is broken.

The PSB columns were placed into the hollow steel
column and connected to the hollow steel column with four
14 mm diameter bolts. Two PSB beams were connected to
the steel web with four 16 mm diameter bolts.

3. Description of the Experiment

3.1. Specimen Designing. Three joint specimens were fabri-
cated in site. Except for the thickness of the hollow steel
column, the specimens are identical. Details of the specimens
are shown in Figure 2. Holes in bamboo specimen (beam and
column) and steel plate are 1.5 mm greater than those of bolts,
which is easy to assemble. A detailed description of thickness
of each tested steel connection plate is reported in Table 1.

3.2. Mechanical Properties of Materials. All the steel plates
are of grade Q235B in accordance with the Chinese standard
(GB/T700-2006) [22]. The material properties of the steel
plates are determined according to EN10002-1 [23]. Table 2
lists the mechanical properties of the steel plates. The 14 mm
diameter bolts, which were used to fasten the hollow steel
column and PSB columns, had the average yield strength of
804 MPa under tension. The 16 mm diameter bolts had the
average yield strength of 2241 MPa under bending.

According to the ASTM standard D143-09 [24], the
ultimate compressive and tensile strength values of PSB
parallel to grain are 65 MPa and 100 MPa, respectively, and
the ultimate tensile strength value of PSB perpendicular to
grain is 4.4 MPa.
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3.3. Test Setup. A schematic illustration of the test setup is
shown in Figure 3. The main purpose of this research is to
study the mechanical performance of the connection
specimens under cyclic loading. In order to load the spec-
imen with the existing loading frame, the column was ro-
tated an angle of 90” and was fixed to the floor channel with
four 30 mm diameter bolts. A two-way 250 mm hydraulic
actuator (100 kN capacity) was used to apply the cyclic load.
The center of the actuator was 1000 mm above the top
surface of the PSB column, and the head of the actuator was
about 150 mm away from the PSB beam.

The beam displacements were monitored by a laser dis-
placement sensor, and the corresponding load value was
measured by a load cell mounted on the actuator rod. Two
laser displacement sensors #3 and #4 were located at the beam
flange to measure the rotation of the connection. The other
two sensors #1 and #2 were located at the hollow steel column
to measure the defection of the hollow column.

For the three specimens, the sensors were located at the
same locations of the specimen.

3.4. Loading Schedule. In this study, a controlled cyclic
displacement scheme was used. The maximum displacement
was 10 mm in the first two cyclic loading, and the loading
rate was 10 mm per minute. The maximum displacement
was then increased by 10 mm after each step until specimen

failure which showed specimen lost bearing loading ca-
pacity. The loading scheme is shown in Figure 4.

It was assumed that the actuator force in compression
was positive, and the beam displacement moving away from
the reaction wall was positive.

4. Test Results and Analysis

The test results of the three specimens are shown in Table 3.
For each experiment, the failure mode, the energy dissi-
pation, and the resilience model of each specimen will be
discussed in the following sections.

4.1. Failure Mode. From Figure 3, it can be observed that one
lateral beam flange was pulled and the opposite beam flange
was compressed under loading. For the three specimens, the
failure occurred when the beam flange buckled under com-
pressive force. Figures 5-7 show the failure mode of the three
specimens. It was noticed that the beam flange buckling oc-
curred suddenly without yielding of the steel plate, which is
a brittle failure and results in the failure of test specimens.
Besides the beam flange buckling, for the specimen CJ2 in
which the hollow steel column is 4 mm in thickness, the
hollow steel column was also deformed around the beam
flange because of tensile fore of the beam flange. The bolts
and PSB members with larger cross-sectional dimensions
were still in good condition after the tests.
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TaBLE 1: Steel plate thickness of the connector (mm).

Specimen Hollow steel column Beam flange Beam web Shear connection plate Hollow column stiffener
CJ1 5 3 10 8 5
CJ2 4 3 10 8 5
CJ3 6 3 10 8 5
Grade Q235B is available for all steel plates.
TaBLE 2: Mechanical property of the steel plate.
Thickness of the steel plate (mm) g, (MPa) 0, (MPa) g, (%) e, (%) E, (MPa)
3 263 372 1.983 18.32 19523
4 256 381 1.831 20.23 19871
5 260 358 1.920 19.56 20522
6 249 363 1.853 18.92 20246
8 251 368 1.915 19.014 20042
10 238 375 2.052 18.76 19197
0, is the yield stress; 0, is the limit stress; ¢, is the yield strain; ¢, is the limit strain; E; is the elasticity modulus.
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FIGURE 3: Experiment setup (mm).

According to tested results, it was also observed that the
three specimens with the same thickness in the beam flange
lost capacity in the same location and for the same reason,
but they had obvious difference in ultimate bearing capacity;
the main reason was that the boundary conditions of the
compressed beam flange were not ideal situation under axial
loading.

4.2. Load-Displacement Hysteretic Loop at the End of
the Beam. The load-displacement hysteretic curve of the
joint reflects the overall performance of connection. The

load-displacement hysteretic curves at the end of the beam
are shown in Figures 8-10. As can be seen from the figures,
all three specimens exhibit good performance. The strength
deterioration with the progress of the cyclic load was not
observed. The rotational stiffness, however, deteriorated
with the increase of cyclic load.

For the specimen CJ2 (4 mm thick hollow steel column),
the beam flange in compression buckled suddenly after 9
displacement cycles. For the specimen CJ1 (5mm thick
hollow steel column) and the specimen CJ3 (6 mm thick
hollow steel column), the beam flange in compression
buckled suddenly after 8 displacement cycles.
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FIGURE 4: Loading scheme for the experiment.
TaBLE 3: Test results of the three specimens.
Specimen Ppax (KN) Upnax (mm) Failure mode
CJ1 -8.56 -39.19 Compressed buckling of the beam flange
CJ2 10.20 —-50.00 Compressed buckling of the beam flange
CJ3 11.92 48.57 Compressed buckling of the beam flange

Pphax is the maximum load value documented in a test. Up,,y is the maximum displacement value documented at summit from sensor #5 in a test.

FIGURE 5: Beam flange buckled under compression for the spec-
imen CJI.

FIGURE 6: Beam flange buckled under compression for the spec-
imen CJ2.

Figure 9 shows that the load in the specimen CJ2 is
asymmetric. This indicates that the stiffness in positive di-
rection is larger than that in negative direction.

FIGURE 7: Beam flange buckled under compression for the spec-
imen CJ3.

Slight pinching of load-deflection hysteretic curves was
observed in all three specimens. Such a phenomenon may be
contributed to the following reasons: on one hand, because of
the gap of the bolt connection between the shear connection
plate and the bolt, slippage is inevitable under the cyclic
loading; on the other hand, shear deformation is not ignored
due to less effective antishear section dimension in the bear-
to-column connection; of course, the deformation of the
hollow column frame plate also contributes to the slippage.

4.3. Moment-Rotation Relationship Curve. Because of the
large cross section of the PSB column, the stiffness of the
column is quite large. As a result, it is assumed that there is
no rotation in the column. Furthermore, as the PSB columns
were fixed to the floor by four 30 mm diameter bolts, it was
assumed that the PSB column did not slide under the cyclic
loading. Based on the above assumptions, the rotation of
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FiGure 8: Load-displacement hysteretic loop of the specimen CJ1.
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FIGURE 9: Load-displacement hysteretic loop of the specimen CJ2.

connection is the sum of the rotation due to the deflection of
the hollow steel column, deflection of the beam flange, and
the gap between the bolt and shear connection plate. In this
test, the rotation of connection can be calculated as follows:

Ay
¢ = arctan <300>, (1)
where A, is the displacement of laser sensor #4 under cyclic
loading and 300 is the distance from sensor #4 to the surface
of the column.

When calculating the rotation of the joint, the displace-
ments from sensors #3, #4, and #5 all can be used. However,
the displacement of sensor #5 includes the elastic deformation
of the PSB beam, so the result from sensor #5 cannot be used
to calculate the joint rotation. As for sensor #3, which was
placed at 100 mm away from the beam flange where beam web
ends, the velocity of reciprocating deformation of the beam
flange which is lagging behind the loading velocity in the
beam tip affects the result of sensor #3; therefore, the rotation
of the joint based on sensor #3 is not used.

The maximum rotation for each specimen is shown in
Table 4. It is noted that the rotation for the specimen CJ2
with a 4 mm thick hollow steel column is the biggest among
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FiGure 10: Load-displacement hysteretic loop of the specimen CJ3.

the three specimens. The specimen CJ3 with a 6 mm thick
hollow steel column has the least rotation.

Because the deformation of the column is not taken into
account, the moment of the joint is obtained by multiplying
the load and the length from the loading point to the surface
of the column. The equation for joint moment is given as
follows:

M = P X Lload’ (2)

where P is the load applied to the beam and L,,4 is the
distance from the load point to the upper surface of the
column.

Figures 11-13 show the moment-rotation hysteretic
behavior of the three specimens. It shows that, for all three
specimens, the hysteretic behavior is stable until the buckling
of the beam flange.

The initial stiffness Kj,; of each specimen, which is the
ratio of the maximum moment to the corresponding ro-
tation in the first cycle, is shown in Table 4. The initial
stiffness increases with the increasing thickness of the hollow
steel column. The relative parameters for the moment-
rotation curve of the three specimens are showed in Table 4.

4.4. Envelope Curve. Envelope curve is defined as the line
which connects the maximum rotation and corresponding
moment in the first cycle of the displacement step. Figure 14
shows moment-rotation envelope curves of the three speci-
mens. It is noted that the envelope curve of each specimen is
similar.

Yielding phenomenon was not observed in the whole
envelope curve, but the load increase appears to slow down
with the increase of cyclic displacement. Such a phenome-
non is mainly due to substantial losses in stiffness of the
beam flange and hollow steel column under cyclic loading. It
is evident that the thickness of the hollow steel column has
a significant influence on the envelope curve.

From the envelope curves in the third quadrant shown in
Figure 14, the specimen CJ3 has the largest load and the
specimen CJ1 has the smallest load at the same displacement.
This corresponds to the thickness of the hollow steel column of
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TABLE 4: Test results.
Specimen Loading direction Mpax (KN-m) D pax (rad) Kini (kKN-m/rad)
Push 7.58 0.0375
cn Pull —8.65 —-0.0375 333
Push 10.2 0.049
P2 Pull —-7.00 —-0.0465 221
Push 11.92 0.044
o3 Pull 114 0,039 354
Note. @y corresponds to Mpay.
g g
£ Z
g g
=) £
[=} [=}
= =

-0.06

—-0.04 0.04 0.06

Rotation (rad)

-10 4

—15 4

FIGURE 11: Moment-rotation hysteretic curve of the specimen CJ1.
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FIGURE 12: Moment-rotation hysteretic curve of the specimen CJ2.

each specimen. This indicates that the thickness of the hollow
steel column has an influence on the strength of connection.

It is also observed that the envelope curve under com-
pressive load is different from the envelope curve under tensile
load. This is due to the stiffness degradation of the steel plate.

4.5. Energy Dissipation. The energy dissipation of the con-
nection is the enclosed area under cyclic loading, as shown in
Figure 15, and the displacement in Figure 15 is the maximum
beam tip displacement. It is an important index for evalu-
ating seismic performance of the joint.
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FIGURE 13: Moment-rotation hysteretic curve of the specimen CJ3.
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FIGURE 14: Envelope curve of the specimen under cyclic loading.

According to literature [25], the energy dissipation capacity
coeflicient E can be expressed in the following equation:

_ gABD + ECBD, 3)
OAE T 90CF
Coefficient E for the three specimens CJ1, CJ2, and CJ3 is
1.70, 1.77, and 1.67, respectively. It can be seen that the
specimen CJ2 has the biggest coefficient E, and the specimen
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FiGure 16: Hysteresis model of connection.

CJ3, which has the thickest hollow steel column, has the
lowest coefficient E.

4.6. Hysteresis Model of Connections. Based on the moment-
rotation curves showed in Figures 11-13, the simplified
hysteresis model of the joint under cyclic loading is showed
in Figure 16. Point A is the summit point of the first step
cycle, and from point 0 to point A, the loading stiffness is
expressed with secant stiffness Kj,;. After passing point A,
loading stiffness K, becomes smaller. This is due to the shear
deformation of the beam and bending deformation of the
hollow steel column. Kj is the unloaded stiffness from point
B, which is obviously larger than the loading stiffness K,. At
the start of unloading, only beam flanges act in tension and
compression, and shear deformation of the beam and

9
TABLE 5: Model parameters of the specimens.
. Stiffness (kN-m/rad)

Specimen

Kini K, Ks K,y

CJ1 333 166 498 170

CJ2 221 205 309 116

CJ3 354 263 501 137

bending deformation of the column plate were not hap-
pening. When the unloading reaches zero, the loading in the
opposite direction starts.

When the load starts to load in the opposite direction,
the shear deformation of the beam and deflection of the
hollow steel column recover first along with the close of the
gap between the shear connection plate and the bolt, fol-
lowed by the load increase of the joint. Therefore, the
hysteretic curve of connection has slight pinching, and the
stiffness of the slope is called as slippage stiffness K,. Based
on the tested results, the average stiffness values Kj;, K, K,
and K of each specimen are given in Table 5, in which K5,
K;, and K, are the slopes of regression lines.

5. Conclusions

In this study, the