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The application of nanomaterials in high-performance concrete (HPC) has been extensively studied worldwide due to their large
surface areas, small particle sizes, filling effects, and macroquantum tunneling effects. The addition of nanomaterials in HPC has
great contribution to enhancing the pore size of the cementitious matrix, improving the hydration of cement, and making the
matrix much denser. In order to present an exhaustive insight into the feasibility of HPC reinforced with nanomaterials, the new
development of HPC was summarized and the influence of different nanomaterials on the properties of HPC was reviewed based
on more than 100 recent studies in this literature review. Workability, compressive strength, tensile strength, and flexural strength
properties of HPC with nanomaterials were discussed in detail. In addition, nanomaterial-modified HPC was compared with the
traditional concrete and obtained a lot of valuable results. The results in the present review indicate that the addition of various
nanomaterials improves the mechanical properties of HPC, while reducing the workability of HPC. However, there is an optimal
dosage of nanomaterial for improving the mechanical properties of HPC. Improving the properties of HPC by adding nano-
materials is expected to become a mainstream technique in the future. This literature review can provide comprehensive and
systematic knowledge to researchers and engineers working on HPC and promote the application of this new HPC in modern

civil engineering.

1. Introduction

Compared with masonry structure and wood structure, the
development history of concrete structure is relatively short,
but with the advantages of concrete materials such as high
strength, high elastic modulus, good plasticity and work-
ability, wide source of raw materials, convenient local ma-
terials, and convenient construction, concrete has been
widely used in the world since the mid-19th century, and the
development speed of concrete structure has also rapidly
increased, making it an irreplaceable and widely used ma-
terial in engineering construction for a long period of time.
Concrete material has become one of the most widely used
and most consumable building materials in the world. It has
made important contributions to the development and
progress of the human society [1]. Concrete starts from a low
strength grade [2]. With the development of modern civil

engineering projects toward high long-span bridges and
large-scale water conservancy projects, the demand for
concrete having strength, rigidity, durability, and crack
resistance continues to increase. However, traditional
concrete cannot meet these requirements. This issue led to
the development of a new concrete technology, high-
strength concrete (HSC), which can bear a load capacity of
up to approximately 90 MPa [3]. Subsequently, high-per-
formance concrete (HPC) and then ultrahigh-performance
concrete (UHPC) were produced, and these can meet the
strict structural design and durability requirements of
modern construction projects. Compared with conventional
concrete, HPC is the most comprehensive concrete at
present because of its excellent performance in terms of
workability, durability, strength, and volume stability.
Moreover, it is receiving increasing attention in civil engi-
neering construction and is expected to become the
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development direction of concrete technology in the future
[4-8]. HPC is composed of more cementing materials, well-
graded aggregates, less water, and high-efficiency water-
reducing agent to ensure excellent mechanical properties,
durability, and stable working performance. Traditional
materials and preparation methods of ordinary concrete are
not available [9]. Adding admixtures such as fly ash (FA),
silica fume, slag powder, metakaolin, and other volcanic
ashes to concrete [10, 11] is an effective way to achieve high
performance [12-14]. Mixing these mineral powder active
materials into HPC can enhance various properties of
concrete. Above all, it will replace some cement, which can
realize the recycling of waste, reduce carbon dioxide
emissions, and achieve environmental protection [15].
Compared with other pozzolans, silica fume has a high
specific surface area and a fast pozzolanic reaction speed,
which can effectively replace cement and improve concrete
strength [16-20]. Fly ash is also a widely used mineral ad-
mixture. It mainly contains aluminate glass beads with
smooth surfaces and small-size particle. The addition of FA
to concrete can play the role of ball bearing, which will
reduce the water demand of cement slurry, enhance the
workability of fresh concrete, and increase the compactness
of hardened concrete [21-24].

Nanomaterials, having been developed in the early
1980s, are a fairly new type of material. Nanomaterials refer
to ultra-fine materials with particle sizes in the order of
nanometers (1-100 nm). They include a variety of powder
materials, such as metal, nonmetal, organic, inorganic, and
biological materials [25], and are often located in the
transition region between atomic clusters and macroscopic
objects. Nanomaterials have small particles and large specific
surface areas. When the particle size is as low as 10 nm, the
proportion of the surface atoms is 20%, and the number of
atoms distributed on the surface of the particles increases
sharply with decreasing particle size. When the particle size
is 1 nm, almost all atoms are concentrated on the surface of
the particles, resulting in the surface effect, volume effect,
filling effect, and other special properties of nanomaterials.
Therefore, ultrafine powder has a host of unusual me-
chanical, electrical, magnetic, catalytic, and optical prop-
erties compared with traditional granular materials. As a
new material, nanomaterials have shown remarkable ap-
plication prospects in fine ceramics, microelectronics, bio-
engineering, light industry, and medicine. They are already
one of the hotspots in scientific research due to their suc-
cessful application and regarded as another industrial rev-
olution of the century. Furthermore, they have cross-era
significance [1]. The reason why ultrafine particles can be
used well in concrete performance is mainly due to the
continuous filler of cementitious material composition, as
presented in Figure 1 [26]. Silica fume provides UHPC with
better strength and durability because of its smaller gran-
ularity and high activity [17]. However, its output is low, and
its price is high. Generally, silica fume is not considered
when the concrete strength is lower than 80 MPa. With the
increasing demand for HPC, nanotechnology has produced
nanomaterials to replace silica fume. Nanomaterials are
widely used in concrete owing to their special nanoeffects.

Advances in Civil Engineering

The results show that the workability, mechanical properties,
durability, and microstructure of concrete have been im-
proved with the addition of nanoparticles [27]. Table 1 lists
the comparison results for the performances of ordinary
concrete, HPC, UHPC, and nanoconcrete. Several nano-
materials are used to reinforce ordinary concrete; examples
of such materials include nano-SiO, (NS) [32], nano-CaCO;
[33], nano-Al,O3 (NA) [34], nano-Fe;0,4 (NF) [35], nano-
TiO, (NT) [36], nano-ZnO, [37], nano-limestone [38],
nano-FA [39], carbon nanotubes (CNTs) [40], and nano-
metakaolin (NMK) [41]. Among many nanomaterials, NS
has successfully replaced the traditional silica fume with its
high pozzolanic activity, making it extensively applicable in
HPC. One of the important reasons why NS can consid-
erably improve the mechanical strength of concrete is that
the calcium-silicate-hydrate (C-S-H) gel formed by the re-
action of calcium hydroxide crystals distributed between the
cement-based material matrix and aggregate can heighten
the strength of the hardened cement stone matrix due to the
high activity of NS [42]. In recent years, with extensive
research being conducted on the performance of nano-
modified concrete, several studies have found that nano-
materials are very effective as cementing materials in
improving the properties of concrete. They can not only
considerably reduce the amount of cement but also fill the
gaps of materials, thus making a great contribution in en-
hancing the performance of traditional concrete. Accord-
ingly, the main task of this paper is to summarize and review
the latest progress of different nano particles in the research
of normal concrete and HPC. The workability, compressive
strength, and tensile strength of nanoparticles in HPC under
single or mixed conditions are also discussed.

2. Workability

Workability is a comprehensive technical property used to
ensure the construction operation of each process and
obtain the stable performance of fresh concrete. Based on
previous experimental research, a slump height of ap-
proximately 650 mm is acceptable for fresh concrete and is a
sign of sufficient strength for high-quality concrete. In fact,
within a certain range, the larger the slump, the better the
workability, which indicates that concrete can easily flow
without segregation [43, 44]. Moreover, the strength of
concrete is related to workability. To ensure maximum
strength of fresh concrete, the concrete should have suffi-
cient workability, owing to its self-compacting capability.
Therefore, controlling the workability of concrete is
meaningful. Slump and slump flow are important param-
eters for evaluating high-performance concrete.

2.1. Influence of NS on the Workability of HPC. A slump is
regarded as a suitable indicator of the fluidity of fresh
concrete. A lot of studies have shown that NS has an effect on
the slump of concrete [45]. Aydin et al. [46] observed the
effect of changes in NS and FA on the slump flow of fresh
concrete at optimal replacement rates of 2% and 40%, re-
spectively. Their investigation revealed that NS considerably
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FIGURE 1: Relationship between the particle size and specific surface area of concrete materials [26].
TaBLE 1: Summary of the performance of diverse kinds of concrete based on previous studies.
Compressive strength (MPa) Flexural strength (MPa) Water absorption (%) Reference

Ordinary concrete 10-40 1-10
HPC 40-100 11-20
UHPC 100 20-30
Nanoconcrete 70 12-20

<30 Mehta and Monteiro [28]
12-25 Hamid et al. [29]

<12 Hartmann and B. Graybeal [30]
<12 Aitcin [31]

improved the performance of fresh concrete and eliminated
the segregation of 40% FA when mixing [46]. Hani et al. [47]
stated the influence of self-compacting concrete with four
contents of NS on a slump under different water-binder
ratios. In this investigation, the water-binder ratios of the
three series are 0.41, 0.45, and 0.5. In addition, 0%, 0.25%,
0.5%, and 0.75% of cement are planned to be substituted by
NS in each series. The most important finding from this
study is that the fluidity of all NS mixtures is reduced.
Moreover, the addition of 0.75% NS has the greatest in-
fluence on the slump of the three water-cement ratios, re-
ducing by 15.2%, 15.5%, and 14.1%, respectively [47]. As
shown in Figure 2, NS reduces the slump loss and slump flow
loss of concrete mixtures with different water-binder ratios,
and these losses increase with the increase in nanoparticle
content. This conclusion was supported by Naji Givi et al.
[48], who found that low workability may be associated with
an increase in the surface area of the mixture upon addition
of nanomaterials, which necessitates more cement slurry to
wrap the NS. Furthermore, to confirm these results, they
obtained through a slump test that the content of NS has a
distinct impact on the flowability of fresh concrete. Com-
pared with the control group, the slump of all mixtures
containing NS is reduced under a water-binder ratio of 0.4.
Moreover, according to ASTM C143 (2015), slump loss is
usually used to evaluate the influence of NS on the work-
ability of concrete.

Supit and Shaikh [49] found that adding 2%-4% NS to
concrete can observably reduce slump loss, which reaches

60%. Meanwhile, Bahadori and Hosseini [50] observed that
the slump loss of concrete containing NS is severe when the
ratio of super-plasticizer to cementitious material is un-
changed. Zhang et al. [51] also revealed that the slump and
slump flow of 15% FA concrete decreased after adding NS.
We can observe the influence trend of NS content on the
slump and slump flow in Figure 3. In addition, to evaluate
the flowability of fresh concrete, Jalal et al. [52] and Giineyisi
etal. [53] tested the time and slump diameter of a slump flow
test and V-funnel flow test, respectively. They concluded that
the fluidity of self-compacting HPC declined after adding NS
particles. Nevertheless, the particle size of NS is a contrib-
uting factor on the rheological and fresh properties of
concrete. Durgun and Atahan [54] studied the influence of
colloidal NS (CNS) on the flow performance and rheological
parameters of concrete. Self-compacting concrete was
modified using CNS with different average particle sizes of
35, 17, and 5nm. Experiments show that adding CNS in-
creases the Tsq, time, however, reducing the content of FA
decreases the Tsgo time. These factors show opposite results
for the slump flow diameter. When the content of CNS with
a particle size of 35 nm exceeds 1.5%, the slump flow time at
500 mm is considerably higher than that of the control
group. Senff et al. [55] demonstrated that adding NS can
cause a severe slump loss in concrete, which can be at-
tributed to the content of nanoparticles. The main reason for
this result is that nano-ultrafine particles contributing to the
increasing specific surface area will absorb part of the mixed
water. Finally, some scholars pointed out that to avoid a
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certain degree aggregation of nanoparticles in the dispersion
process, the content of NS should be as small as possible
(1%-5%) [56, 57].

2.2. Effect of Nano-CaCO; on the Workability of HPC.
Nano-CaCOs is a type of nanomaterial with a certain ac-
tivity, and its cost is only one tenth of that of nanosilicon. As
a result, researchers have been interested in applying it to
concrete materials. A large number of researchers have
demonstrated that the specific surface area of a cement slurry
will be sharply increased due to the incorporation of small-
sized nano-CaCO; particles, which will increase the water
demand of the cement slurry. Meng et al. [58] found an
association between the water demand of nano-CaCOj; and
cement slurry. They identified that the water demand in-
creases with the increase in the nano-CaCO; content.
Specifically, when the content of nano-CaCOj3 is 2%, 5%, and
8%, the water demand will rise by 0.4%, 1.8%, and 3.2%,

respectively. However, this effect is suppressed when using a
nano-CaCOj; intermediate slurry. When the content of
nano-CaCOj; is 2% and 5%, the water demand will only
decrease by 0.3%. By contrast, when the dosage is 8%, the
water demand is essentially the same as the reference water
supply. The main reason for this change is that the nano-
CaCOj; intermediate slurry is easier to evenly disperse and
can markedly improve the particle size distribution.

The application of nano-CaCOj; to cement can not only
promote the hydration of cement but also cut down the
setting time. Wei [59] found that the increase in nano-
CaCO; content will shorten the initial setting and final
setting time of the cement paste. When the content increased
from 0.44% to 4.88%, the initial setting time increased from
35min to 81 min and the final setting time increased from
23 min to 71 min. This effect also occurs for concrete, and a
study [60] on UHPC has similar results. Their investigation
revealed that 5% nano-CaCQO; will make UHPC achieve the
best workability. Liu [61] explored the workability of steel
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Ficure 3: Effect of NS content on the (a) slump and (b) slump flow [51].

fiber-reinforced concrete with different amounts of nano-
CaCOs. It was found that the workability of concrete im-
proved considerably after the addition of nano-CaCOj,
These data are presented in Figure 4. Clearly, when the
content of nano-CaCOj; varies from 0% to 0.5%, the slump
grows slightly. When the added amount of NC increases, the
slump increases sharply, and a maximum value of 184 mm is
obtained when 1.5% NC is added. However, with the
continuous increase in the nano-CaCOj; content, the slump
begins to decline steadily. A number of studies have dem-
onstrated that for ordinary concrete, the optimal content of
nano-CaCQOj is 1.5%, which may be due to the addition of
steel fiber that increases the porosity of concrete compared
with ordinary concrete, and thus, the optimal content is also
increased. This increased content is used to fill the pores in
the concrete. However, when the content of nano-CaCQOs;
exceeds 2.0%, more free water will be increased and
absorbed by the surface area of the mixture, thus causing the
slump of concrete to slowly drop. Contrarily, Shaikh and
Supit [62] performed experiments to examine the influence
of nano-CaCO; content on the workability of an ordinary
cement mortar, high-volume fly ash (HVFA) mortar, and
concrete. Figure 5 shows that as the proportion of cement
replaced by nano-CaCOj; increases, the workability of the
mortar or concrete will decrease.

Shaikh and Supit [33] explored the effect of the content of
nano-CaCOj3 on the workability of cement mortar and HVFA
mortar, through a flow meter test, in accordance with ASTM
C1437 (2012). Compared with the control group, the work-
ability of mortar containing nano-CaCO; is lower. As the
content of nano-CaCOj; used to replace cement increases, the
fluidity decreases. Similar to the control mortar, the workability
of the HVFA mortar is reduced upon adding 1% nano-CaCOs.
The decrease in the workability of mortar or concrete is caused
by the high-specific surface area of nano-CaCOs;. However,
research by Xu et al. [63] revealed that the application of nano-
CaCOs; in concrete improves the workability of fresh concrete.
The slump will gradually rise with the increase in nano-CaCOs
content. Compared with the concrete without nano-CaCOs,
the slump of the concrete with 2% nano-CaCOj is increased by
8.5%. Nano-CaCOj; can be well dispersed in concrete, which
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FIGURE 4: Relationship between the slump and NC content [61].

plays a key role in effectively improving the grading of fine
particles, reducing accumulation voids, and strengthening the
effect of microaggregates, thus improving its water-reducing
effect and enhancing the workability of concrete under the
same water-binder ratio. Li et al. [38] explored the fluidity
curve of a UHPC matrix with different NS and NC contents.
Compared with the control mixture, all UHPC substrates
containing NS or NC showed lower fluidity. In the mixture
containing 1.0% NS and 3.0% NC, the fluidity decreased by
20% and 34%, respectively. Similarly, at a constant NC sub-
stitution rate, the fluidity of the UHPC matrix decreases with
the increase in NS content. For example, when the content of
NS varies from 0.5% to 1.5%, the fluidity of the mixture
containing 3.0% NC is reduced by 23% and 35%, respectively.
Therefore, the greater the amount of cement replacement, the
lower the fluidity.

2.3. Effect of CNT on the Workability of HPC. CNT is an
allotrope of carbon with a cylindrical nanostructure.
Nanotubes are members of the fullerene structural family. It
also determines the performance of nanotubes [40]. Wang
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et al. [64] examined the influence of CNT on the workability
of concrete through experiments. Figure 6 shows that, when
concrete is not mixed with CNT, the slump of the mixture
can reach 150 mm. The slump of the concrete mixture
gradually decreases, and its fluidity becomes worse, with the
increase in CNT contents. When a suitable amount of water-
reducing agent (<1.0%) is added to the concrete mixtures
with different CNT contents, the slump of the mixture
reaches 150-160 mm, meeting the construction require-
ments. Moreover, CNT has a considerable impact on the
adhesion of concrete. In Sun et al.’s study [65], to observe the
effect of changes in multiwalled carbon nanotubes
(MWCNTs) on the workability of 3D printing polyvinyl
alcohol mortar ink, MWCNTs with different volume con-
tents were applied to 3D printing polyvinyl alcohol fiber-
reinforced mortar ink. It was found that, compared with the
control mixture, the flow value of the new 3D printing
mortar modified with MWCNTs can be reduced by a
maximum of 3.7%. The addition of MWCNTs will not
considerably affect the fluidity of 3D printing mortar, which
was also recognized by Sun et al. [66]. Several studies have
examined the dispersion of CNTs in polymer composites;
however, few studies have investigated the dispersion of
CNTs in ordinary Portland cement (OPC) paste. In Figure 7,
the slump values of CNT-modified slurry with water-cement
ratios 0f 0.4, 0.5, and 0.6 and a control group (mixed with 0%
CNT) are compared. From the figure, we can see that the
slump of the control group increases with the increase in
water-cement ratio. Moreover, in each mix proportion, the
slump is reduced when CNTs are added in small amounts
(0.5%, 1%, and 2%) [67].

2.4. Effect of Titanium Oxide on the Workability of HPC.
Titanium oxide, usually known as titanium dioxide (TiO,), is a
natural oxide of titanium. Adding TiO, to concrete will change
its performance. Joshaghani et al. [68] obtained the dosage of
high-range water-reducing admixture (HRWRA) required for
each mixture to achieve a slump of 650 +25mm. The solidi-
fication delay caused by a high HRWRA dosage is the main
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F1GURE 6: Slump of fresh concrete with different amounts of CNTs
[64].

reason for the surface subsidence of self-compacting concrete.
They observed that the addition of 5% TiO, resulted in a high
demand for HRWRA under different water-binder ratios.
Moreover, adding 5% of nano-Fe,O; and nano-AlLO; into
concrete resulted in a high demand for HRWRA. The water
demand of the mixture was increased because the high surface
area of the nanoparticles led to more water being absorbed on
their surfaces. The data from Figure 8 show the relationship
between the content of nano-TiO, and the slump of the mixture
when the water-binder ratio is 0.40. They concluded that
compared with the mixture without nano-TiO,, all the mixtures
modified with nano-TiO, revealed lower slump in a small
dosage range [69].

2.5. Effect of Nano-Kaolin on the Workability of HPC.
NMK is a derivative of industrial mineral kaolin. Kaolin
(ALSi,05(OH),) is a layered silicate composed of tetrahedral



Advances in Civil Engineering

60
" 804 o
55
70 4
50 -
E) g J
g g 60
= 45 ] =
a, =
w w _
40 .\ 50 °
]
40 4
35 4 °
30 T T T T 30 T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Content of CNT (%) Content of CNT (%)
(a) (b)
100 A A
90 4
)
£ 80- .,
o,
£
=
© 70 A
60 -
A
50 T T T T T
0.0 0.5 1.0 1.5 2.0
Content of CNT (%)

(c)

FiGure 7: Effect of CNT dosage and water/cement on the measured minislump [67]: (a) w/b=0.4, (b) w/b=0.5, and (c) w/b=0.6.

and octahedral coordinated SiO, and Al,O;. Its main
components are hydrated aluminum disilicate, Shi Ying,
muscovite, and rutile. NMK is a kind of supplementary
material that can be used in concrete to improve its prop-
erties. It is based on metakaolin which can considerably
modify the performance of various kinds of concrete. The
addition of NMK and metakaolin will reduce the workability
of UHPC, as presented in Figure 9 [41]. The data reveal that
the slump decrease is indeed due to the addition of NMK.
Compared with OPC and MKI10, the slump decreases with
an increase in the NMK content. A number of published
papers have reported that the decrease in workability caused
by NMK is caused by two factors: namely, high chemical
activity and high specific surface area, which can increase the
water demand for a hydration reaction. In similar tests,
when the NMK content is increased from 0% to 6%, the
fluidity of cement mortar decreases by 5.61%-12.47%
compared with reference [70]. In addition, the slump of
concrete containing 9% NMK decreased by approximately
15.7% [41]. This conclusion was also recognized by Senff
et al. [55]. Therefore, controlling the NMK content is

beneficial to obtain the concrete mixture with appropriate
workability.

2.6. Effect of NA on the Workability of HPC. Al,Oj is not only
the main product in cement hydration but also controls the
setting time of cement. NA is actually alumina, and the
application of NA to concrete has rarely been studied.
Adding NA can better modify some properties of concrete as
it can control the setting time of cement. In UHPC, NA is
used as a dispersant in cement particles. In addition, because
the size of NA is nanoform, NA as a nanofiller can also refine
the voids in hydrated gel. Because of the high content of
cement in UHPC, the dispersion of cement particles in
UHPC must simultaneously occur with the action of silica in
the hydration process. However, silica, which is usually used
to modify concrete, cannot penetrate the hydration gel; this
slows the hydration reaction. However, the addition of NA
can accelerate cement hydration by refining cement hy-
dration products. Therefore, adding NA can improve the
microstructure of hydrated gel. A research by Gowda et al.
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[71] stated that adding NA into concrete reduces work-
ability. The workability of the mortar mixture decreases with
the increase in NA replacement amount. When the doping
amount reaches 5%, the workability considerably decreases.
The reason is that the large surface area of NA particles leads
to an increased demand for water. The results are shown in
Figure 10.

3. Mechanical Properties

3.1. Influence of Nano-SiO, on the Mechanical Properties of
Concrete. Adding various nanomaterials to modify the
concrete matrix to obtain concrete with excellent mechanical
properties is one of the most promising research fields of
nanomaterials in concrete application. Several experiments
have been performed to examine the mechanical properties,
including compressive strength, elastic tensile strength, and
flexural strength, of nanoconcrete. NS is a kind of nano-
material often used to modify HPC. It can be used as a
substitute for cement and provides a ball bearing function in
cement particles. In addition, NS is used as a superfiller in
concrete owing to its particle size, which makes the concrete
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structure denser and helps improve the performance of
concrete.

3.1.1. Compressive Strength. Several studies have identified
that the compressive strength of concrete modified by NS is
indeed considerably enhanced. The 28-day compressive
strengths of the mixtures modified with NS are shown in
Table 2. Many experiments have revealed that the com-
pressive strength of cementitious materials can be improved
by adding NS within a certain range of dosage. The optimum
doping amount has also been considered. The strength will
decrease if it exceeds the optimal dosage mainly because a
large amount of NS will aggregate and cannot be well dis-
persed in the mixture [47, 74, 76, 77]. Amin and Abu el-
Hassan [81] investigated the influence of the content of NS
between 0% and 1.8% and basalt fiber with different contents
on the compressive strength and tensile strength. Further
research revealed that a large number of C-S-H gels and
alumina, ferric oxide, and trisulfate crystals will be produced
when the content of NS increases. When the optimal dosage
is 1.2%, the amount of the C-S-H gel is the largest, which
makes the concrete denser. These results are consistent with
those observed in the compressive strength test. The study of
Li et al. [38] indicated that 2% is the best dosage to improve
concrete performance. Sadrmomtazi et al. [83] found that
the optimal content of NS is between 5% and 7%. Compared
with the control mixture, the compressive strength will be
improved even if the optimum content is exceeded. How-
ever, the maximum strength still occurs at the optimum
content. An experiment [72] also revealed that a mortar
mixed with NS after curing for 7 and 28 days has advantages
over a mortar mixed with silica fume in terms of improving
strength. In this study, cement was replaced by NS with
contents of 5%, 10%, and 15%. The influence of the partial
replacement of cement by NS on the compressive strength of
HVFA mortar and concrete was also explored [73]. The
compressive strength of the mortar was analyzed after curing
for 7 and 28 days, and that of concrete was analyzed after
curing for 3, 7, 28, 56, and 90 days. The results show that in
the range of 1%-6%, the compressive strength of cement
mortar in 7 and 28 days reaches the maximum when the
content of NS is 2%. Moreover, the compressive strength of
the mortar mixed with 40% and 50% FA increases by 5% and
7%, respectively, after 7 days of curing with the addition of
2% slag micropowder. However, when the content of FA in
the ordinary mortar exceeds 50%, no evident improvement
is observed. By contrast, the 28-day compressive strength of
all HVFA mortars is improved by adding 2% NS, and the
most significant improvement occurred in mortars with FA
contents over 50%. In HVFA concrete, the compressive
strength at the early stage (3 days) is also improved owing to
the addition of 2% NS. The results are presented in Fig-
ures 11 and 12.

3.1.2. Tensile Strength and Flexural Strength. The tensile
strength of concrete is low, generally 1/10-1/20 of the
compressive strength. Amin and Abu el-Hassan [81] found
that an HSC composed of 1.2% NS and 3 kg/m” basalt fiber
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TaBLE 2: Compressive strengths of cementitious materials with NS at 28 days.

Compressive strength

Cementitious materials w/b ratio Content of NS Optimum content . Reference
increment
Cement o o 0
Mortar 0.3-0.5 5%-15% 10% — [72]
HVFA cement paste 0.4 1%-6% 2% 5% [73]
Lightweight aggregate 1%-3% 3% N N [74]
concrete 035 0%-7% 5% 3:2%-16.8% [75]
0, 0, 0,
04 2% NS+0.O?:A/A0x CNT +40% 2% 20% (46]
SCC 0.5 0%-0.75% 0.75% 26.9%-48.8% [47]
2% + 15 mm —
0/, 70,
0.4 0.5%-2% oo s g0me - (76, 77
0.5 Basalt fiber + NS 6% 10.4%-19.6% [78]
0.5 0%-6% 6% 12.45% [79]
Ordinary concrete 0.3 5% MS+1% NS 1% — [80]
0.2 1%-4% 3% 10% [81]
0.48 0%-1.8% 1.2% 9.04% [81]
0.34 39%-5% 3% - (82]
HPC 0.16 0.5%-1.5% 1% 3% [38]
0.35 0.75%-1.5% 1.5% 12% [32]

can achieve the best splitting tensile strength. They revealed
that the tensile strength can be increased by 17.42% com-
pared with a control mixture concrete (see Figure 13). Jalal
et al. [84] pointed out that the splitting tensile strength of
self-compacting concrete can be increased by 25.6%, 30.7%,
and 35.9% after curing for 90 days with 10% FA and 2% NS
in different cementitious material contents. Fallah and
Nematzadeh [85] explored the mechanical strength of HPC
mixed with polymer fiber and NS. Tests show that after
replacing cement with 1%, 2%, and 3% NS, the tensile
strength of cement increased by 12.96%, 7.82%, and 16.10%,
respectively. This increase in strength is mainly due to the
increased bonding force between the cement base and ag-
gregate. Mohamed’s research [86] shows that adding 0.75%
NS and 3% nanoclay (NC) to concrete can increase the
flexural strength by 4% and 9%, respectively, after curing for
90 days. They also pointed out that adding 3% nanoparticles
consisting of 25% NS and 75% NC has great advantages in

improving mechanical properties. Amin and Abu el-Hassan
[81] also revealed that, compared with a control group, the
flexural strength of concrete after adding NS and NiFe,O,
nanoparticles is increased by approximately 23%.

3.2. Influence of Nano-CaCOj3 on the Mechanical Properties of
Concrete. According to several studies worldwide, nano-
CaCO; modified cement-based materials generally have
three functions, namely, the chemical, nucleation, and filling
functions. Among them, nano-CaCOj; effects on the hy-
dration process of cement are mainly chemical and nucle-
ation. Detwiler and Tennis provided that calcium carbonate
powder particles act as nucleation sites in the process of
cement hydration, which increases the precipitation prob-
ability of the hydration product C-S-H gel on limestone
powder particles and accelerates the hydration of C;S. Many
hydrated calcium aluminate particles grow on the surfaces of
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major products, such as C-S-H and Ca(OH),. Calcium
aluminate (Ca0.3A1,05.CaCO;.11H,0) is produced by the
hydration reaction between nano-CaCOj; and CsA, and it
can improve the early strength of cement-based materials.

The compressive strength of the cementing material
modified by a proper amount of nano-CaCOj; is en-
hanced, and adding nano-CaCOj can exert the combined
microaggregate, pinning, and crystal nucleus effects, so as
to make the particle gradation more perfect, fill each
other, reduce the void ratio, increase the bulk density, and
contribute in the enhancement of the flexural and
compressive strength. However, this characteristic is
related to the content of nano-CaCOj;, and an optimal
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content is generally considered. When the content of
nano-CaCQOj; exceeds the optimal content, it will not be
conducive to improving the performance of the ce-
mentitious materials. The main reason is that the van der
Waals force of nano-CaCOs is higher than that of cement,
which easily causes nano-CaCOj; with fine particles to
aggregate in the mixture. According to the literature [59],
for a 29.0% FA content, the optimal content of nano-
CaCOj; to enhance the compressive and flexural strength
is 2.2%. With this content, the flexural and compressive
strengths of cement-based materials are increased by
27.3% and 19%, respectively, compared with the control
group. Huang and Zu [60] found that the optimal content
of nano-CaCOj; to improve the UHPC strength (ac-
counting for cement quality) is 3%, and the water-cement
ratio should be 0.15, as presented in Figure 14. Meng et al.
[58] observed the influence of nano-CaCQO; content with
an average particle size of 60nm on OPC. The results
show that when the content is 2%, the early hydration
strength of cement is improved, but when the content
exceeds 5%, the strength decreases due to the relative
decrease in cement content. Similar findings have been
reported in other publications as well [87-91].

When nano-CaCQO; is mixed into concrete with FA,
the early strength hysteresis effect caused by FA can be
improved, and the early and late strength of cement-
based materials containing FA can be further developed.
The composite mineral admixture modified by nano-
CaCOj; prepared in reference [92] can exert the com-
posite function of the early strength of calcium carbonate
intermediate and high activity of mineral powder in the
later period, so the early and later strengths of concrete
are superior. Shaikh and Supit [62] revealed that the
optimal content of nano-CaCO; modified high-perfor-
mance FA concrete (e.g., concrete with 40% and 60% FA
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FiGUure 14: Influence of nano-CaCOj; content on the (a) flexural strength and (b) compressive strength [60].

content, respectively) is 1%. Moreover, the concrete with
this content has reasonable compressive strength, low
permeable pore volume, and low porosity. Wu et al. [93]
found that the addition of 3.2% nano-CaCQOj; consider-
ably improved the bonding performance of the fiber-
matrix and the bending performance of UHPC. The main
reason is that nano-CaCOj; improves the densification of
the interfacial transition zone from the perspective of
microstructure. However, when the content of nano-
CaCOj; exceeds 3.2%, the mechanical properties of UHPC
will decrease due to the increase in porosity caused by
nano-CaCOj; agglomeration. Meng et al. [94] also ex-
plored the relationship between the mechanical prop-
erties of nano-CaCOj; and concrete with or without FA.
They concluded that nano-CaCOj has a positive effect on
the early mechanical strength of concrete mixed with FA
and concrete not mixed with FA. The main reason is that
the seed crystal effect of nano-CaCO; accelerates the
hydration of cement and also produces a filling effect,
making the microstructure of cement paste more com-
pact. Shaikh and Supit [62] and Supit and Shaikh [33]
investigated the influence of nano-CaCOj; on the com-
pressive strength of concrete with a large amount of FA.
The results show that adding 1% nano-CaCO; allows
HVFA concrete to have an excellent compressive
strength.

In addition, in Xu et al.’s study [63], the changes in the
compressive strength of HSC caused by nano-CaCO;
under a standard curing temperature (21 + 1°C) and low-
temperature curing (6.5 + 1°C) were investigated. It was
observed that the compressive strength of concrete
modified by adding 1% and 2% nano-CaCO; can be
increased by 13% and 18% at a standard curing tem-
perature. However, the compressive strength increased
by 17% and 14% after curing at low temperature for 3
days. Moreover, the effect of NC on the mechanical

properties of concrete under different curing conditions
was investigated by Li et al. [38]. They found that the
compressive and flexural strengths increase as the NC
content increases. Meanwhile, the optimal content of NC
is approximately 2.0%. The influence of nano-CaCO;
content on the compressive strength and tensile strength
of concrete under different curing conditions is presented
in Figure 15.

3.3. Influence of CNTon the Mechanical Properties of Concrete.
The flexibility of CNTs can also be used to modify UHPC.
Compared with other nanomaterials, CNTs have great ad-
vantages in enhancing the toughness and strength of UHPC
[40]. In recent years, CNTs have been widely examined to
modify and obtain cement-based composites with excellent
properties. However, obtaining uniform CNT dispersions is
extremely difficult because they are prone to aggregation.
Accordingly, Parveen et al. [95] used Pluronic F-127 as a new
dispersant to blend CNT-modified cement composites with
excellent performance. In addition, adding 0.1% single-
walled nanotube dispersion increases the flexural modulus
of mortar by 72%. Moreover, the flexural strength and
compressive strength increased by 7% and 19%, respectively,
after curing for 28 days. Gillani et al. [96] also addressed this
shortcoming. To realize a uniform dispersion of MWCNT,
high-energy ultrasonic treatment was performed on the
modified acrylic polymers. The amount of MWCNTs added
to the cement was 0.05% and 0.1%. They pointed out that the
splitting tensile strength, bending strength, and compressive
strength of the mixture increased by 20.58%, 26.29%, and
15.60%, respectively, after adding 0.05% MWCNT compared
with the control mixture cured for 28 days, as presented in
Figure 16. However, the mixing duration is also a factor that
affects the strength of CNTs’ cementitious composites. The
bending strength of materials containing 0.03%, 0.08%,
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0.15%, or 0.25% MWCNT prepared using stirring times of
1.5, 15, 30, and 60 min, respectively, was studied on the 28th
day. These data reveal that the flexural strength of the cement
materials added with 0.25% CNTs increased a lot. Compared
with the test results of ordinary cement, the flexural strength
of the mixture mixed with 0.15% and 0.25% CNTs is con-
siderably increased when the mixing time exceeded 30 min.
The mixing effect of CNT cement is presented in Figure 17,
and the flexural strength results are shown in Figure 18 [97].
Meanwhile, AI-Rub et al. [98] found the effect of different
concentrations of long MWCNTs in cement paste. They
showed that nanocomposites modified with low concen-
trations of long CNTs have the same mechanical properties

as those modified with high concentrations of short CNTs.
Many studies have shown that CNTs can be uniformly
dispersed in concrete using a certain dispersion method, and
the compressive strengths of concrete with CNT can be
remarkably enhanced. However, the performance of con-
crete will deteriorate when the content is excessively high
[99-103]. The findings of Jung et al. are shown in Figure 19.
The mechanism of influence involves adding a proper
amount of CNTs into the concrete and evenly distributing
the CNTs in the concrete material, which can better exert its
nanonucleation effect, thus enhancing the compressive
strength and flexural strength of the concrete. However,
when the content of CNTs is too much, it is difficult to
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FIGURE 16: . (a) Splitting tensile strength and (b) compressive strength of concrete with different contents of MWCNTs at different ages [96].
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FIGURE 17: Schematic of the mixing effect on the cement grain size
[97].

disperse and aggregate inside the concrete, which reduces
the bridging effect and leads to the performance degradation
of the concrete.

3.4. Influence of TiO, on the Mechanical Properties of Concrete.
The application of TiO, in UHPC and ordinary concrete has
generally resulted in a strong self-cleaning ability, which
enables application of green materials in buildings. Mean-
while, it accelerates the early strength of concrete [36].
However, TiO, particles are dusty and small and have a
considerable environmental impact during the packaging
and production process. Adding a small amount of NT into
concrete can effectively improve its compressive strength
and flexural strength. The strength of concrete specimens
increases first and then decreases with the increase in NT
contents. Adding very fine NT will increase the specific
surface area of the material and the water demand of the
mixture, which will make the matrix material unevenly
distributed in the mixture, thus reducing the strength of
concrete. The effect of FA and TiO, on the flexural strength
of self-compacting concrete replacing cement was analyzed
by Jalal et al. [104-106]. They found that fly ash will reduce
the bending strength at the early curing stage. Therefore,

Flexural strength (MPa)

1.5 15 30 60

Mixing duration (min)

Bl Plain cement
B 0.03% CNT
I 0.08% CNT

B2 0.15% CNT
0.25% CNT

Figure 18: Effect of the mixing time on the flexural strength of
CNT cement composites [97].

measures to increase curing time can be adopted to improve
the bending strength. Replacing cement with 4% TiO,
nanopowder can increase the content of crystal Ca(OH), at
the early stage of hydration and accelerate the formation of
the C-S-H gel; this can enhance the strength of concrete. The
relevant data are presented in Figure 20. The compressive
strength of cement-based materials modified by nano-TiO,
was explored in Meng et al.’s [107] and Zhang et al.’s [108]
experiments. When cement was replaced by NT, the com-
pressive strength of the cement mortar increases at early age
because NT promotes cement hydration and refines pores.
Duan et al. [109] stated that adding a certain amount of
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in SCC.

nano-TiO, can improve the early and late compressive
strengths of the mixture. When the optimal content is 5%,
NT shows evident effect on the performance of the modified
polymer.

3.5. Influence of Nano-Kaolin on the Mechanical Properties of
Concrete

3.5.1. Compressive Strength. Several researchers regard
NMK as a suitable mineral admixture precisely because
metakaolin can effectively enhance the microstructure of
cement-based materials and substantially increase their
strength. A number of studies have revealed that the
compressive strengths of cement-based composites can be
remarkably enhanced with an appropriate amount of NMK

[110, 111], as presented in Table 3. Adding an appropriate
amount of NMK can improve the compressive strength of
cementitious materials. The results [112, 113] show that the
optimum dosage of NMK is 10%. However, the compressive
strength and bending strength gradually decrease when the
content exceeds optimum value (10%), and the compressive
strength of samples containing 12% and 14% NMK is close
to the control group. Similar results were obtained by
Shoukry and Al-Jabri [114]. By contrast, El-Gamal et al.
[115] and Kaur et al. [116] found that the optimal NMK
content in cement mortar is 3% and 4%, respectively. Morsy
et al. [40] revealed that the compressive strength of a cement
mortar modified by 6% NMK and 0.02% CNTs for 28 days
increased by 29% and 11%, respectively. These findings show
that NMK and CNTs have good synergy.
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TaBLE 3: Compressive strength of NMK cement-based materials at 28 days.
Cementitious material w/b ratio Content of NMK Compressive strength increment (%) Reference
Cement paste 0.27 10% NMK 20 [112]
Cement paste 0.3 10% NMK 48 [113]
Cement mortar 0.54 10% NMK 42 [114]
Cement mortar 0.48 3% NMK 54 [115]
Cement mortar 0.3 4% NMK 22.6 [116]
6% NMK 18
Cement mortar 0.5 6% NMK +0.02% CNT 29 [40]
Ordinary concrete 0.5 10% NMK 63.1 [117]
UHPC 0.2 1% NMK 7.88 [41]

Some contrasting findings have also been reported in the
literature. Muhd Norhasri et al. [41] examined the me-
chanical properties of UHPC with NMK content of 1%-9%;
the compressive strength of the 1% NMK sample was ob-
served to be the highest. This finding is corroborated by
previous studies. However, NMK had no significant effect on
the early strength of UHPC, not even a slight decrease. This
occurs mainly because the cement and aggregate in the
UHPC mixture provide less space, which hinders the filling
effect of NMK and reduces the amount C;S and f-C,S
phases in the matrix; this results in a slight decrease in the
early strength of UHPC.

3.5.2. Flexural Strength and Splitting Tensile Strength.
NMK is generally used to modify cementing materials; it can
remarkably enhance the flexural strength and splitting
tensile strength, and its optimal content is approximately
8%-10%. Shoukry et al.’s [118] examined the modification
effect of NMK. They found that the bending strength is
improved using 2%-14% NMK instead of cement and
through surface plastering with 2% fiber content. They also
observed that the bending strength increased by approxi-
mately 67% compared with the control FRCC when the
NMK content was 10%. However, the strength gradually
decreases with the increase in the NMK content. As shown
in Figure 21, Habeeb et al. [119] provided that the splitting
tensile strength was increased by 3.04%-3.41% and 6.95%-
7.98%, respectively, with the addition of 2% and 5% NMK
into reactive powder concrete (RPC). In Morsy et al.’s [120]
study, the influence of 800°C high temperature on the
mechanical properties of NMK-modified cement mortar
with a cement-sand ratio of 1 : 3 and water-binder ratio of 0.6
was explored. They found that 250°C is the appropriate
temperature to maximize the compressive strength (see
Figure 22). However, Braganca et al. [35] found that the
splitting tensile strength of NMK concrete with 3% content
does not improve appreciably when the water-cement ratio
is 0.53.

3.6. Influence of NA on the Mechanical Properties of Concrete.
In the current research, the compressive strength and pore
structure of cement can be modified with nanomaterials,
such as NS, NA, and CNTs. If nanocement can be eco-
nomically manufactured and used on a large scale, concrete
construction will enter a new era defined by stronger
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F1GURrk 21: Flexural strength of NMK-modified FRCC as a function
of the NMK ratio at 28 days of curing [118].

concrete durability. Alumina, as the main chemical sub-
stance in the hydration process of cement, can control the
setting time of cement. Adding NA into concrete, especially
UHPC, substantially influences the performance of concrete.
However, research NA concrete is limited.

According to the literature [71], the maximum early
strength can be obtained by adding 1% NA instead of ce-
ment. The influence of NS, NA, and NT on the mechanical
properties of self-compacting mortar containing FA under
single and double doping was studied by Mohseni et al.
[121]. The content of the three nanoparticles is 1%, 3%, and
5%, respectively. They observed that the compressive
strength of the mixture increased with an increase in the
curing age, reaching the maximum value at 90 days; this is
mainly due to the pozzolanic activities of FA. The results also
show that when the contents of NA, NS, and NT are 1%, 3%,
and 5%, respectively, the best compressive strength can be
achieved. When the mixture is modified with two types of
nanoparticles, the combination of NST achieves the highest
strength. On the one hand, NT plays an important role in
improving the strength. On the other hand, the combined
action of FA and NS increases the pozzolanic reaction in
mortar. The experimental results under single and double
doping are shown in Figures 23(a)-23(c) and 24(a)-24(c).
Hamed et al. [122] revealed the effects of adding constant
contents of nano-ZrO, (NZ), NF, NT, and NA on the
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properties of concrete. They proved that NA has unique
advantages in improving the mechanical properties of HPC
(see Figure 25).

3.7. Influence of NC on the Mechanical Properties of Concrete.
NC is a type of mineral silicate nanoparticle and is also one
of the most economical nanomaterials. It offers several
advantages with regard to modifying mixtures. The effects of
NC addition on the mechanical performances of the SCC
were investigated. Mohammadi and Mirgozar Langaroudi
[123] found that compared with the replacement rates of NC
at 1% and 2%, the compressive strength is considerably
improved when 3% NC is used to replace cement. Moreover,
3% is considered the optimal content of NC for SCC.
However, Hamed et al’s [122] investigated influence of
different contents of NC (5%, 7.5%, and 10%) on concrete
performance. They found that compared with the as-re-
ceived NC concrete, the properties of concrete are obviously
improved through the sonication of NC particles and the
optimum content of NC to replace cement was 7.5%, as
shown in Figure 26.

3.8. Influence of Other Nanomaterials on the Mechanical
Properties of Concrete. Finally, paper [35] indicates that
using 1% NF to replace cement can ensure that concrete has
better mechanical properties. The reason is that micro-
nanomaterial fills the surplus pores and voids of the mixture,
which promotes the matrix material to be denser. Joshaghani
et al. [68] used the mechanical properties as the starting
point and analyzed the influence of different types of
nanoparticles (including nano-TiO,, NA and nano-Fe,0;)
on the properties of self-compacting concrete through
different test methods. Compared with NA and NT, nano-
Fe,O; is considerably better at enhancing compressive
strength because hydrated ferric calcium gel is formed in the

microstructure. To handle the large amounts of carbon
dioxide emitted and energy consumed during cement
production [124], two different proportions of nano palm oil
fly ash (NPOFA) were used to replace cement to improve the
mechanical properties of concrete. Test data show that the
compressive strength of concrete increases gradually when
the content of NPOFA is as high as 30%. Ruan et al. [125]
and Han et al. [126] found that the mechanical properties of
RPC with NZ at a curing age of 28 days improve the
compressive strength in comparison with plain RPC.

4. Effect of Different Nanomaterials on
Workability and Mechanical
Properties of HPC

In summary, a large number of research results show that
adding nanomaterials to concrete will reduce its workability.
As the content of nanomaterials used to replace cement
increases, the workability decreases. Therefore, many
scholars believe that in order to maintain a good workability
of concrete, the content of nanomaterials should be as small
as possible (1%-5%). However, Lui [61] found that the
workability of concrete improved considerably after the
addition of nano-CaCQOj; when the content of nano-CaCQO;
varies from 0% to 0.5%, the slump grows slightly, and the
optimal content of nano-CaCOj is 1.5%.

A lot of study results show that adding nanomaterials
can exert crystal nucleus effect so as to make the particle
gradation more perfect, fill each other, reduce the void ratio,
increase the bulk density, and contribute in the enhance-
ment of the flexural and compressive strength. The overall
trend is increasing first and then decreasing, and an optimal
content is generally considered. There are inconsistent
conclusions in the current research on the optimal content.
Amin and Abu el-Hassan found that the optimal dosage is
1.2% and the amount of the C-S-H gel is the largest, which
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makes the concrete denser [81]. The study of Li et al. in-
dicates that 2% is the best dosage to improve concrete
performance [38]. Sadrmomtazi et al. found that the optimal
content of NS is between 5% and 7% [83]. It can be con-
cluded that the optimal content of nano-CaCOj to enhance
the compressive and flexural strength is 2.2% [59]. Huang
and Zu found that the optimal content of nano-CaCOj; to
improve the UHPC strength (accounting for cement quality)
is 3% [60]. The related results show that when the content is
2%, the early hydration strength of cement is improved [58].
Shaikh and Supit show that adding 1% nano-CaCOj; allows
HVFA concrete to have an excellent compressive strength
[62]. Wu et al. found that the addition of 3.2% nano-CaCO;
considerably improved the bonding performance of the fi-
ber-matrix and the bonding performance of UHPC [93].
Gillani et al. revealed that the flexural strength of the cement

materials added with 0.25% CN'Ts increased a lot [96]. Duan
et al. stated that adding a certain amount of nano-TiO, can
improve the early and late compressive strengths of the
mixture [109]. When the optimal content is 5%, NT shows
evident effect on the performance of the modified polymer.
The results show that the optimum dosage of NMK is 10%
[112, 113], and the similar results were obtained by Shoukry
and Al-Jabri [114]. By contrast, El-Gamal et al. [115] and
Kaur et al. [116] found that the optimal NMK content in
cement mortar is 3% and 4%, respectively. However, Muhd
Norhasri et al. found that the compressive strength of the 1%
NMK sample was observed to be the highest [41]. Shoukry
et al. observed that the bending strength increased by ap-
proximately 67% compared with the control FRCC when the
NMK content was 10% [118]. Mohseni et al. also showed
that when the contents of NA, NS, and NT are 1%, 3%, and
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5%, respectively, the best compressive strength can be
achieved [121].

5. Effect of Different Nanomaterials on
Microstructure of HPC

The microstructure of concrete materials is the most es-
sential factor that determines its mechanical properties and
durability. The size of nanoparticle is about 1-100 nm, which
is advantageous for the nanoparticle to take part in reactions
as a nucleus. The nanoparticles pozzolanic reaction with
calcium hydroxide produces more C-S-H gels. Using dif-
ferent electronic microscope techniques (SEM, ESEM, and
XRD) to conduct microstructural analyses of concrete
showed that the microstructure of concrete with

nanoparticles is more uniform and dense than concrete
without nanoparticles. Therefore, this section will summa-
rize the effects of adding different nanomaterials on the
microstructure of concrete.

Khaloo et al. through mercury intrusion porosimetry
(MIP) analyzed the pore size distributions of the HPC
mixtures with and without 1.5% nano-SiO, particles, at the
w/b ratio of 0.30 [32]. They show that the pore distributions
of the HPC mixtures containing pyrogenic nanosilica with
different specific surface areas were finer than those of
control HPC mixture. Said et al. through MIP found that the
total porosity was significantly lower for mixtures containing
nanosilica [42]. More refinement of the pore structure was
achieved with increasing the nanosilica dosage up to 6%.
Through the BSEM test, they showed notable densification
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in the ITZ for specimens containing nanosilica. Also, for
specimens containing Class F fly ash and nanosilica, BSEM
showed higher degree of hydration at 28 days relative the
control mixture containing only Class F fly ash. Nazerigivi
and Najigivi showed that the addition of 80nm SiO,
nanoparticles in ternary blended concrete can fill the cement
pores and produce much more C-S-H gel resulting in better
mechanical performance of the ternary blended concrete
with respect to control concrete [77]. The study of Supivt and
Shaikh indicated that NS can react more rapidly with the free
lime in the course of hydration reaction than fly ash, and
more secondary C-S-H gel can be produced to fill into the
microvoids due to the fairly tiny particle size and large
specific surface area of SiO, nanoparticles in high volume fly
ash concrete [73]. Supit and Shaikh [33] showed that calcium
carbonate powder particles act as nucleation sites in the
process of cement hydration, which increases the

precipitation probability of the hydration product C-S-H gel
on limestone powder particles and accelerates the hydration
of C;S. Many hydrated calcium aluminate particles grow on
the surfaces of major products, such as C-S-H and Ca(OH),
through (SEM). And the XRD analysis results showed that
nano-CaCOj is effective in reducing the CH and CS in
HVFA and hence the formation of additional CSH gels. Jalal
et al. found that replacing cement with 4% TiO, nanopowder
can increase the content of crystal Ca(OH), at the early stage
of hydration and accelerate the formation of the C-S-H gel
[104]. According to SEM, Parveen et al. indicated that CNTs
were well wetted by cement forming a dense reinforcing
network, and the presence of CNT all over the fracture
surface was identified indicating their homogeneous dis-
tribution within the cementitious matrix [95]. It was also
observed that CNTs were very tightly inserted between the
hydration products of cement (C-S-H phases). This was due
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to the fact that CNTs acted as the nucleating agent for
C-S-H gel which formed as a coating along the CNT
bundles. Al-Jabri and Shoukry indicated that the micro-
structure of the hardened mortar containing NMK appeared
quite dense and compact with relatively less capillary pores
as compared with the control mix, causing disappearance of
large CH crystals [114]. The NMK modified the interfacial
transition zone and increased the bond between the cement
paste and aggregate due to its pozzolanic activity. And NMK
consumes the CH crystals and results in the creation of
supplementary CSH. Therefore, nanomaterials can promote
the hydration of concrete, improve the internal structure,
and enhance the mechanical strength and durability.

6. Conclusions

This review paper reveals the influence of various nano-
particles on the fresh performance and mechanical per-
formance of HPC. NS, nano-CaCOs;, NA, and TiO, are
among the nanomaterials currently researched for the de-
velopment of nanoconcrete. This paper discusses in detail
the available information on the workability, compressive
strength, and flexural properties of concrete modified with
nanoparticles. The analyses of the existing literature provide
important insights into the role of nanomaterials in im-
proving the performance of concrete. This paper also intends
to compare the performance of concrete modified by
nanoparticles with that of control concrete to obtain more
valuable results. Therefore, based on a review of more than
100 papers, the conclusions are as follows:

(1) The slump flow and slump of concrete modified by
NS are reduced. The greater the amount of cement
replacement, the lower the workability. In this case,
an appropriate amount of water-reducing agent
should be used to ensure the working performance of
HPC containing NS.

(2) The addition of nano-CaCOj reduces the workability
of mortar and concrete with high content of FA, and
the workability decreases with the increase in cement
replacement.

(3) The slump of HPC is significantly affected by adding
CNTs. With the increase in CNT content, the slump
drops, and when it reaches 1%, the slump drops
below 20 mm. However, the workability of HPC is
improved by adding a water-reducing agent.

(4) The addition of various nanomaterials reduces the
workability of HPC, such as NT, ALO;, and
metakaolin.

(5) The HPC modified by NS has excellent compressive
strength mainly because a large amount of C-S-H gel
is generated after NS replaces cement, and the mi-
crostructure is more compact. Hence, it is related to
the optimal dosage of NS. Researchers have proposed
different thresholds to optimize NS replacement.
However, the replacement rate of NS cannot be
excessively high; a value lower than 5% is generally
recommended. The compressive strength will be

Advances in Civil Engineering

reduced owing to the agglomeration of nanoparticles
when adding more than the optimal content in the
mixture. At the same time, the type, dosage, and size
of NS will affect the compressive strength of HPC.

(6) With the addition of NS, the increasing trends of
tensile strength and bending strength are similar to
those of compressive strength. NS has an optimal
dosage for the influence trend of these strengths.

(7) Most studies show that adding nanomaterials (e.g.,
nano-CaCQO;, CNTs, TiO,, and Al,O3) to HPC not
only reduces the amount of cement but also pro-
motes the hydration of C;S and increases the me-
chanical properties of concrete. The change in
performance depends on the dosage, and exceeding
the optimal dosage will reduce the strength.
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Flexural capacity of beams reinforced with 400 or 500 MPa grade steel can be accurately estimated by using equations provided in
design codes. Recently, 600 MPa grade steel has evolved in the construction industry, and the applicability of existing equations for
this grade of steel should be verified by performing experimental investigation. By conducting tests on concrete beams reinforced
with 600 MPa grade high-strength steel, this study investigates the flexural performance for different concrete strength grades and
different reinforcement ratios. Flexural capacities of concrete beams reinforced with 400 MPa, 500 MPa, and 600 MPa grade steel
are analyzed based on equations in various codes and based on experimental studies in the literature. Furthermore, this study
performs reliability analysis and verifies the three design values of 600 MPa grade steel yield strength in relation to the ex-
perimental performance and recommends the appropriate design values of 600 MPa grade steel yield strength. Research results
show that when the measured values of yield strength of the steel bars and concrete strength are used, the ratio of the measured
failure moment value to the calculated value for various beams based on different codes is nearly 1.0, demonstrating the high
degree of fitting. Finally, the reliability analysis shows that the design yield strength of the 600 MPa grade high-strength steel bars

should be taken as 520 MPa.

1. Introduction

In recent years, use of high-strength steel bars has improved
the performance of concrete structures and reduced the
amount of steel bars. High-strength steel bars (with yield
strength > 500 MPa) have evolved as a new type of envi-
ronmentally friendly building materials [1-4]. In the United
States, South Korea, Canada, and Japan, 70% of the steel
reinforcement in reinforced concrete has the strength of
400 MPa and above 25% has the strength of 500 MPa. In
Germany, France, and the United Kingdom, the amount of
the 500 MPa steel bar has reached 70% of the total rein-
forcement, and the construction industry is demanding for
the 600 MPa steel bar. Based on the data of steel processing,
saving 10 million tons of steel is equivalent to saving 18
million tons of iron ore, saving 6.5 million tons of standard
coal, and reducing a large amount of exhaust gas and dust

emissions. Therefore, the application of high-strength re-
inforcement can not only save energy and resources but also
reduce emissions. In addition, new materials and environ-
mentally friendly materials have always been the goal
pursued by engineers and researchers [5-7]. High-strength
steel with yield strength (f,) greater than 500 MPa has been
developed in several markets worldwide [8]. Development of
high-strength steel with different grades has been extensively
studied all over the world, such as steel grade 600 MPa [9],
steel grade 700 MPa [10], steel grade 700 MPa [11], steel
grade 780 MPa [12], and steel grade 800 MPa [13]. Hao et al.
[14] studied the mechanical properties and microstructure of
HRB600 steel bars (600 MPa grade) after subjecting to high
temperature. Zhang et al. [15] studied the mechanical
properties of steel fiber concrete at high temperatures.
Saleem et al. [16] studied the bonding and deformation
properties of reinforced concrete (RC) that used steel with
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the yield strength of 690 MPa. Harries et al. [17] believed that
the application of high-strength steel bars in concrete can
achieve significant economic benefits. Barcley and Kowalsky
[18] studied the seismic performance of high-strength RC
columns, and the results showed that RC columns with steel
having the yield strength of 550 MPa behaved similar to
columns with steel having yield strength of 420 MPa steel
bars in terms of the early stage of yield, length of plastic
hinge, and capacity consumption. However, the yield
strength of RC columns having 550 MPa grade steel was
markedly improved. The characteristic of steel bar fracture
appears under low deformation. Zhang et al. [19] found that
high-strength concrete columns with HRB600 steel bars
possessed good hysteretic behavior, deformability, and en-
ergy dissipation capacity as well as seismic resilience.
Aldabagh and Alam [20] found that high-strength steel
(HSS), i.e., ASTM A1035 grade 690, has been gaining
popularity in the last two decades due to its considerably
higher strength and corrosion resistance. Baek et al. [21]
revealed that the shear friction resistance of grade 600 MPa
(87 ksi) reinforcing bars was greater than that of 400 MPa
(58ksi) reinforcing bars. Li et al. [22] found that the
combination of concrete with C80 grade and steel bars with
HRB600 grade was a reasonable match for strength.

Definition of high-strength grade differs from specifying
institutions. For instance, the International Organization for
Standardization Standard 1SO6935-2-2015 stipulates the
high-strength steel bar grades as B600A-R, B600B-R, and
B600C-R, the American standard ASTM A615-18el stipu-
lates the high-strength steel grade as 100 ksi (690 MPa), the
Korean standard KSD3504-2011 stipulates the high-strength
steel grade as SD600 and SD700, the Singapore standard SS
560-2016 stipulates high-strength steel bar grades as B600A,
B600B, and B600C, and the Chinese standard GB/T1499.2-
2018, Part 2 of steel for RC, hot-rolled ribbed steel bar
stipulates the high-strength steel bar as HRB600 [23].
However, the formulas for calculating the bearing capacity of
RC beams made with high-strength steel bars are not the
same in various countries, and even, the formulas used by
different industries are sometimes different in the same
country. For example, in China, reinforcing steel is produced
with different standards, namely, GB 50010 [24], DL/T 5057
[25], SL/T 191 [26], JTJ 267 [27], JTG D62 [28], and
TB10002.3 [29]. The applicability of equations developed for
400 MPa and 500 MPa steel bars has been generally deemed
applicable for high-strength bars by various countries.
However, experimental verification is necessary to deter-
mine whether high-strength steel bars based on different
standards are suitable to be used as 600 MPa steel bars and
whether the bars possess sufficient safety reserves. Deter-
mining the properties of materials through experiments is
also a common method used by researchers [30-36]. In
addition, the grades of steel bars are updated quickly, and the
codes often lag behind. The current Chinese code GB 50010
Design Code for Concrete Structures stipulates that the
highest yield strength of ordinary stressed steel bars is
500 MPa. Therefore, the applicability of high-strength steel
bars should be urgently recognized in such codes; otherwise,
it will affect its application in engineering.
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TaBLE 1: Main physical and mechanical properties of cement.

Compressive strength  Flexural strength

Density (kg/m3 )

(MPa) (MPa)
P.042.5 P.052.5 P.0O42.5 P.052.5 P.042.5 P.052.5
3d 28d 3d 28d 3d 28d 3d 28d

3043 3244

22.3 494 265 577 52 91 65 98

Researchers have identified the safe design value of
600 MPa steel bars. However, researchers are not unanimous
about the yield strength of the 600 MPa steel bar, and this
causes inconvenience in design. Chen et al. [37] and Rong
etal. [38] studied the flexural performance of RC beams with
600 MPa grade steel under concentrated load. The research
results showed that the bending failure mode was the same
as that of ordinary reinforced (HRB500 and HRB400)
concrete beams. The flexural bearing capacity could still be
calculated according to the equations for the flexural bearing
capacity of the normal RC section specified in the current
codes. When the design tensile strength of the 600 MPa
grade steel bar was set to 500 MPa, sufficient safety reserve
was maintained. However, Zhang et al. [39] suggested that
when the yield strength of 600 MPa grade steel bars was
taken as 520 MPa, the equation for design of concrete
structures (GB 50010) could be safely used for calculating
flexural bearing capacity of RC beams with 600 MPa steel
bars. In order to study the applicability of codes from various
countries in the design of RC beams with high-strength steel
bars, this research experimentally investigates the flexural
bearing capacity of beams with 600 MPa high-strength re-
inforcement and different strengths of concrete and com-
bines the test results with those of other scholars to analyze
the bearing capacity of RC beams. Finally, the reliability of
the three design values (500 MPa, 520 MPa, and 545 MPa) of
600 MPa grade steel yield strength is verified in relation to
the experimental results, and the appropriate design value of
600 MPa grade steel yield strength is selected.

2. Experimental Study for RC Beams with
600 MPa Steel Bars

2.1. Material. Four concrete grades were used in this ex-
periment, denoted by C30, C40, C50, and C60. Physical and
mechanical properties of cement are shown in Table 1
(Chinese standard GB 175 2007 [40]). Fine aggregate used
in this experiment was river sand with the maximum size of
2.5 mm. Material properties of the river sand are presented
in Table 2. Coarse aggregate used in this experiment was
crushed aggregate, and its properties are shown in Table 3. A
high-range water-reducing admixture was used to achieve
good workability. Concrete mixture proportion for the four
grades of concrete can be found in Table 4.

The size, reinforcement arrangement, and material
properties of tested beams are listed in Table 5. In the table,
feu (average value from three cubes with the dimensions of
150 mm x 150 mm x 150 mm) is the cube compressive
strength and f; (average value from three cubes with the
dimensions of 150 mm x 150 mm x 150 mm) is the splitting
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TABLE 2: Machine-made sand.

Apparent density (kg/m”)

Sediment percentage

Bulk density (kg/m?)

Fineness modulus

2700

0.5

1610

2.6

TaBLE 3: Coarse aggregate.

Apparent density (kg/m)

Sediment percentage

Bulk density (kg/m?)

Particle size distribution (mm)

2710

0.3

1630

5-20

TaBLE 4: Concrete mixture proportion.

Mixture Cement, (kg/m3) Water, (kg/m3) w/c

Aggregate (kg/m”’)

5to 10 (mm) 10 to 16 (mm) 16 to 20 (mm)

High-range water-
Sand (kg/m’) reducing admixture

(kg/m?)
C30 378 (no. 42.5) 189 0.50 491 328 273 758 1.89
C40 473 (no. 42.5) 189 0.40 491 328 273 670 3.31
C50 473 (no. 52.5) 189 0.40 491 328 273 698 3.31
C60 630 (no. 52.5) 189 0.30 458 305 254 624 5.04
TABLE 5: Size and reinforcement and material properties of tested beams.

RC beam Width Depth Effective span Concrete cover  Steel ratio Reinforcement Concrete 4
number b/mm h/mm lo/mm ¢/mm p/100% As/z K ES  fal  fad Sl Ex107

mm MPa GPa MPa MPa MPa MPa
foo-c30-1- 200 350 2550 30 0.8 509 645.02 195 37.65 2636 1.97 3.80
goo-c3 01 00 350 2550 30 0.8 509 645.02 195 37.65 26.36 1.97 3.80
TOO'C”‘Z' 200 350 2550 30 0.5 308 63571 198 37.65 2636 1.97 3.80
goo-c3o-2- 200 350 2550 30 0.5 308 63571 198 37.65 2636 1.97 3.80
fOO'C4°'1' 200 350 2550 30 0.8 509 645.02 195 4255 3219 2.69 3.70
goo-c4o-1- 200 350 2550 30 0.8 509 645.02 195 4255 3219 2.69 3.70
?00-C40-2- 200 350 2550 30 0.5 308 63571 198 4255 3219 2.69 3.70
200-(:40-2- 200 350 2550 30 0.5 309 63571 198 4255 3219 2.69 3.70
fOO‘CS 01 00 350 2550 30 0.8 509 645.02 195 53.00 33.28 3.40 3.70
gOO'C5 -1 00 350 2550 30 0.8 509 645.02 195 53.00 33.28 3.40 3.70
foo-cso-z- 200 350 2550 30 0.5 308 63571 198 53.00 33.28 3.40 3.70
200-C50-2- 200 350 2550 30 0.5 308 63571 198 53.00 33.28 3.40 3.70
?00—C60—1— 200 350 2550 30 0.8 509 645.02 195 67.14 6231 3.35 4.10
200-%0-1- 200 350 2550 30 0.8 509 645.02 195 67.14 6231 3.35 4.10
foo-C60-2- 200 350 2550 30 0.5 308 645.02 198 66.31 61.75 3.35 4.10
goo-cso-z- 200 350 2550 30 0.5 308 645.02 198 66.31 61.75 3.35 410
‘1100'“0'1' 200 350 2550 30 0.8 509 428.07 200 67.14 6231 3.35 410
400-CO0-1- 550 350 2550 30 0.8 509 428.07 200 67.14 6231 3.35 4.10

2




tensile strength. Similarly, fi. (average value from three
prisms with the dimensions of 150 mm X 150 mm x 300 mm)
is the prism compressive strength and E. (average value from
three prisms with the dimensions of 150 mm x 150 mm
x 300 mm) is the elastic modulus.

2.2. Design and Test of RC Beams. In this experiment, 8
groups (2 beams from each group based on the concrete
grade) of RC beams were tested. All beams were cast using
600 MPa grade reinforcing steel. 2 RC beams with C60 grade
concrete and the steel grade of 400 MPa were cast as a
control group. As shown in Figure 1, the two points of the
midspan section were symmetrically loaded to form an
800 mm pure bending section. The load application was
based on the design bending moment of the purely bent
section. The concrete beam was tested under static loading
with consideration of the effects of the beam’s own weight
and the loading equipment. The load values at all levels were
controlled by the readings of the data acquisition system
connected to the sensor.

2.3. Stress-Strain Curves of 600 MPa Steel Bar. In this study,
600 MPa grade reinforcement was used as longitudinal re-
inforcement of the test beam. Figure 3 shows the stress-
strain curve of the 600 MPa rebar as obtained from a test.
The stress-strain curve of the 600 MPa steel bar shows three
stages with a clear yield plateau: elasticity, yielding, and
stress hardening. Yield strength f, and ultimate strength f, of
the 600 MPa rebar with different diameters were between
635.71 MPa and 645.02 MPa, and 819.92 MPa to 840.38 MPa,
respectively. The Chinese standard GB50010-2010 specifies
the measured maximum force total elongation A of steel
bars should not be less than 9%. The measured Ay of 600
MPa grade steel bars was 10.3%.

2.4. Failure Mode and Load-Deformation Curves of RC Beam.
The actual failure mode of the RC beam belongs to proper-
reinforced beam failure. As shown in Figure 4, the actual
failure state of the test beam is shown that the beam has
obvious plastic deformation and fracture precursor before
failure. In addition, the load-deformation curves show
typical three stage of proper-reinforced beam failure, as
shown in Figure 5. The deformation of the specimen in-
creased linearly before cracking. When the external load
reached the cracking bending moment M., ((20%-30%)M,),
one or several initial cracks appeared in the pure bending
section of the RC beam, the deformation curves exhibited an
abrupt transition point, and the slopes of the curves began to
decrease. With a further increase in load, when the strength
of the 600 MPa steel bar reached its yield strength, the
deformation of the specimens increased sharply, a second
and more obvious inflection point appeared on the load-
deformation curve, and the concrete in the RC beam was
crushed. Therefore, the 600 MPa steel RC beam is the bal-
anced-reinforced beam.

As shown in Figure 5, when the strength grade of
concrete was the same, the bearing capacity of the specimen
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increased with an increase in reinforcement ratio. On the
other hand, the ductility of specimens decreased with an
increase in the reinforcement ratio. When the ratio of re-
inforcement was the same, the bearing capacity of the
specimen increased with an increase in the concrete strength
grade.

3. Results and Discussion

3.1. Analytical Ultimate Bearing Capacity Based on Codes from
Various Countries. The calculation methods for the bearing
capacity from various Chinese standards are based on the
test results of 335 MPa, 400 MPa, and 500 MPa RC beams.
Whether the method is applicable to the calculation of the
bearing capacity of 600 MPa RC beams is still uncertain. This
needs to be verified based on the test data of 600 MPa RC
beams.

By comparing the bearing capacity equations of various
national codes (GB 50010-2010 [24], SL 191-2008 [26],DL/
T5057-2009 [25], JTG D62-2004 [27], ACI 318-2014 [41],
EN1992-1-1 [42], CRC Press LLC, 1999 [43], BS5400-4
[44, 45], EN1991-2 [46], and AASHTOLRFD Bridge Design
Specification [47]), it can be found that the calculation
methods for the bearing capacity of rectangular cross section
RC beams in the current Chinese codes and European and
American codes are consistent in expression and symbolic
connotation. However, there are subtle differences in the
strength calculation and height calculation methods of the
concrete equivalent rectangular stress diagram. Therefore,
the actual measured value of the bearing capacity of
400 MPa, 500 MPa, and 600 MPa RC beams and the cal-
culated values based on various codes are compared and
analyzed to verify their applicability.

3.2. Analysis of Moment of Resistance of Beams with 400 MPa
Grade Steel. The literature [48-53] reports flexural perfor-
mance tests of concrete beams reinforced with 400 MPa
grade steel, and the relevant information of the specimens is
shown in Table 6.

In order to verify the applicability of the bearing capacity
equations of the existing national codes, measured flexural
bearing capacity of RC beams is compared with the cal-
culated value based on various codes. The comparison of the
measured value M,, and the calculated value M, is shown in
Table 7 and Figure 6. It can be seen that all codes have good
accuracy for the calculation of the flexural bearing capacity
of concrete beams using 400 MPa grade steel bars
(y=1.01-1.17 and §=0.08-0.1).

3.3. Analysis of Moment of Resistance of Beams with 500 MPa
Grade Steel. References [52, 54-60] conducted flexural
performance tests of concrete beams reinforced with
500 MPa grade steel. The relevant information of the
specimens is shown in Table 8. In order to verify the ap-
plicability of the bearing capacity equations of the existing
national codes, measured flexural bearing capacity of RC
beams is compared with the calculated value based on
various codes. The comparison of the measured value M, of
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FIGURE 1: Geometry of RC beams.
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FIGURE 3: Stress-strain curves of 600 MPa steel bars.

the flexural bearing capacity of the test beams with 500 MPa
steel bars and the calculated value M, based on different
codes is shown in Table 9 and Figure 7. It can be seen that all
codes have good accuracy for the calculation of the bending
bearing capacity of 500 MPa RC beams (4 =1.01-1.22 and
§=0.09-0.11).

3.4. Analysis of Moment of Resistance of Beams with 600 MPa
Grade Steel. Several studies [39, 52, 53, 61] conducted

flexural performance tests of RC beams reinforced with
600 MPa grade steel. The relevant information of the RC
beams in those studies is shown in Table 10. In order to
verify the applicability of the bearing capacity equation in
the current national standard, results from the experiment in
this study are compared with the measured values of the
flexural bearing capacity of RC beams in the literature and
with the calculated value based on the national standard.
Measured value M, of the flexural bearing capacity of the RC
beam reinforced with 600 MPa grade steel is compared with



Advances in Civil Engineering

FIGURE 4: Actual failure mode of the RC beam.

the calculated value M, based on various codes as shown in
Table 11 and Figure 8. Due to the differences in the size of the
members designed by different scholars and the properties of
the materials used in the experiment and other influencing
factors during the experiment, the results have certain
differences but the difference is small. The average value i of
the ratio between the measured value and the calculated
value of the ultimate bearing capacity based on the codes is
1.10~1.27, and the dispersion coefficient § is 0.07~0.08. As
shown in Figure 8, the measured values of the ultimate
bearing capacity of RC beams with 400 MPa and 500 MPa
grade steel are in good agreement with the calculated values
of various codes. The data of the configuration of RC beams
with 600 MPa grade steel and the configuration of RC beams
with 400 MPa and 500 MPa grade steel are similar (the ratio
of the measured value of the flexural bearing capacity of RC
beams to the calculated values of various codes is around 1.0
for all cases), and the dispersion coefficients are small. In
general, the measured value of the ultimate bearing capacity
of 600 MPa RC beams coincided with the ultimate bearing
capacity calculated from various codes. Therefore, the
existing equations in the Chinese code are still applicable to
RC beams reinforced with high-strength (600 MPa) steel.

4. Reliability Analysis of Bearing Capacity

For an RC beam using 600 MPa grade steel, the design values
of the yield strength of reinforcement taken by different
scholars are different, such as 500 MPa and 520 MPa. In
order to determine the appropriate yield strength design
value of the 600 MPa grade steel bar in a design specification,
this study took the basis of the experiment and the reference
standard GB 50010 [24]. The material subentry coeflicients
as per the standard are 1.1, 1.1, and 1.15, respectively, for the
335 MPa, 400 MPa, and 500 MPa grade steel (yield strength
design value of the steel bar determined by many engi-
neering practice and the material subentry coeflicient is the
ratio of the standard value to the design value of yield
strength). Accordingly, the trial design value of the yield
strength of 600 MPa grade steel was taken as 500 MPa,
520 MPa, and 545MPa, corresponding to the material
subentry coeflicients of 1.1, 1.15, and 1.2, respectively. Re-
liability analysis was performed to determine the most

appropriate value. On the basis of the experimental study,
the reliability analysis of the above three values was carried
out to further select the design value of yield strength which
would meet the requirements of both strength and
reliability.

In the reliability analysis of the flexural bearing capacity
of the 600 MPa RC beam, the known function is shown in
equation (1), where the structural resistance R obeys the log-
normal distribution and the dead load Sg; obeys the normal
distribution. The load S, obeys the extreme value type I
distribution [62]. The most commonly used method for
reliability calculation is the first-order second-moment
method, including the center point method and the checking
point method. The center point method does not take into
account the probability distribution of variables, while the JC
method (checking point method) can handle other random
variables of probability distributions [63, 64]. In order to
consider the probability distribution and correlation of
random variables, this paper used the JC method to calculate
the reliability of the flexural bearing capacity of 600 MPa RC
beams and used MATLAB software to solve the problem:

4.1. Reliability Index of Beams with Different Yield Strength
Values of Steel Bars. In order to select the most suitable
design value of the steel bar, the reliability index was cal-
culated for different strength design values for the steel bar.
In the process of determining the reliability index, statistical
parameters of various loads of RC beams were referred to the
specifications GB 50153 [65] and GB 50009 [66]. The
standard value of moment of resistance was calculated by
taking the reinforcement strength of 600MPa and
substituting it into the bending bearing capacity formula of
GB 50010. Minimum ratio of the dead load to the variable
load was determined under the condition that only the self-
weight was considered as the dead load. According to the
determined calculation parameters, the JC method was used
to calculate the reliability index of RC beams.

As shown in Figure 9, for a given constant load to
variable load ratio p, the reliability index of each RC beam
was basically the same for different yield strength values of
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FiGure 5: The load-deformation curves for RC beams.

steel. When dead load was the controlling load, that is, when
p was less than 2.8, the reliability index of the beam increased
continuously with an increase in p value and with an in-
creased rate. When the loading was dominated by the
variable load, that is, when p was greater than 2.8, the re-
liability index still increased to a certain extent as the value of
p increased. When p was approximately 7, the reliability
index reached its peak, after which the reliability index
decreased marginally and then gradually stabilized. The

reliability index of each RC beam was different for different
design values of steel yield strength. Generally speaking, the
reliability decreased as the design yield strength increased.
For the steel with the strength of 600 MPa, when the design
yield strength was taken as 500 MPa, the reliability was the
largest and it was followed by 520 MPa, and the smallest
reliability index was observed corresponding to the yield
strength of 545 MPa. For beams with a concrete strength
grade of C60, two types of steel bars, namely, HRB600 and
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TaBLE 6: Details of beams with 400 MPa steel bars.
Data RC beam b/mm h/mm l/mm c/mm 0/100% Reinforcement Concrete
sources number 0 P ’ AJmm? fy/MPa Es/GPa Fcu/MPa Fck/MPa fts/MPa Ecx 104/MPa
SB-1 200 400 2210 30 0.9 628 470 200 18.80 14.30 1.99 2.47
[48] SB-2 200 400 2210 30 0.7 509 533 200 23.50 17.90 2.24 2.72
SB-3 200 400 2210 30 0.6 461 493 200 15.50 11.80 1.78 2.25
L-1 200 400 3300 30 0.9 628 450 200 29.67 19.84 1.42 2.97
L-2 200 400 3300 30 1.3 928 455 200 33.53 22.42 1.48 3.09
[49] L-3 200 400 3300 30 1.3 942 457 200 24.32 16.26 1.25 2.76
L-4 200 400 3300 30 0.9 628 485 200 27.64 18.48 1.36 2.89
TL-1 200 400 4300 30 0.9 628 465 200 27.38 18.50 1.36 2.88
TL-2 200 400 4300 30 0.9 628 475 200 22.22 14.68 1.18 2.66
L-1 152 304 1800 30 0.5 226 504 200 47.75 28.64 2.44 3.32
L-2 150 304 1800 30 0.8 339 504 200 40.90 27.50 2.38 3.28
[50] L-3 153 305 1800 30 1.2 509 479 200 42.75 28.64 2.44 3.32
L-4 150 305 1800 30 1.2 509 458 200 41.00 27.47 2.38 3.28
L-5 151 304 1800 30 — 308 448 200 42.80 28.68 2.44 3.32
L-6 149 305 1800 30 1.3 509 479 200 44.60 29.88 2.50 3.36
B4A 180 300 3000 30 05 226 405 — 41.60 27.8 2.8 331
[51] B4B 180 300 3000 30 0.7 339 405 — 41.60 27.8 2.8 3.31
B4C 180 300 3000 30 1.1 515 452 — 41.60 27.8 2.8 3.31
B4D 180 300 3000 30 1.5 716 452 — 41.60 27.8 2.8 3.31
L7 250 400 3400 35 1.5 1521 360 200 — 143 1432 3.0
[52] L8 250 400 3400 35 1.5 1521 360 — 23.1 1.89 3.45
L9 250 400 3400 35 15 1521 360 200 — 27.5 2.04 3.6
[53] LW-5 200 400 3000 25 2.0 1473 445 — 29.1 19.5 2.22 —
Note. Symbol “—” means that the parameter has no relevant data in the literature.

HRB400, were used. The curve of the reliability of RC beams
with p value is shown in Figure 10. When the design yield
strength of the HRB600 steel bar was taken as 500 MPa and
520 MPa, the reliability of the beam was greater than that
when the HRB400 steel bar was used. However, when the
design yield strength of the HRB600 steel bar was 545 MPa,
the reliability of the beam was less than that of the beam
using the HRB400 steel bar.

The minimum reliability index can reflect the reliability
performance of the component under the most unfavorable
conditions, so statistical analysis was necessary to deter-
mine the minimum reliability index of the beam. Table 12
shows the minimum value of the reliability index of the C60
test beams under different conditions. For C60 beams
equipped with HRB60O steel bars, the minimum reliability
index corresponding to the reinforcement ratio of 0.005
was greater than the index corresponding to the rein-
forcement ratio of 0.008. For a given reinforcement ratio,
the minimum reliability index decreased with an increase
in the design yield strength of the steel bar. This study
calculated the average value of the minimum reliability
index corresponding to HRB600 RC beams under different
reinforcement ratios. When the design yield strength was
520 MPa, the minimum reliability index average value was
3.172, which is closest to the code specified value and
basically meets the reliability criterion. The failure

probabilities of the HRB400 RC beam and that of the
HRB600 RC beam with the design yield strength of
500 MPa and 520 MPa were comparable to the standard
failure probability. When the design yield strength of the
HRB600 steel bar was taken as 545 MPa, the beam’s failure
probability was an order of magnitude smaller than the
normative failure probability.

When designing the bearing capacity of a beam, con-
sidering that the beam should have sufficient safety pro-
tection, the design value of the bearing capacity of the
component is generally less than the ultimate bearing
capacity. Table 13 compares the measured value of the
bearing capacity for all test beams with the calculated value
when design yield strength of the steel bars was taken as
520 MPa. As shown in the table, the calculated value of the
ultimate bearing capacity of each test beam obtained from
the existing Chinese code <cite> equation is less than the
actual measured value of the ultimate bearing capacity,
demonstrating a larger safety reserve (y=1.36~1.59 and
6=0.05~0.06).

On the basis of the experiment and practice, 500 MPa,
520 MPa, and 545MPa were selected as the possibly ap-
propriate design value of yield strength of the 600 MPa grade
reinforcement. Reliability analysis showed that 500 MPa and
520 MPa met the reliability requirements. Moreover, use of
520 MPa as the design value showed a large strength surplus
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TaBLE 7: Comparison of experimental flexural bearing capacity M, with M,,. calculated by different codes for beams with 400 MPa steel bars.

Data sources RC beam number GB50010-2010 SL191-2008 DL/T5057-2009 JTGD62-2012 ACI318-2014
M/ My Mo/ Myc M/ Mye M/ My M/ Mye
Test 400-C60-1-1 1.14 1.14 1.14 1.14 1.14
400-C60-1-2 1.07 1.07 1.07 1.07 1.07
SB-1 1.17 117 1.17 1.17 1.21
(48] SB-2 0.98 0.98 0.98 0.98 1.00
SB-3 1.06 1.06 1.06 1.06 1.09
L-1 0.97 0.97 0.97 0.97 0.99
L-2 0.95 0.95 0.95 0.95 0.98
(49] L-3 0.99 0.99 0.99 0.99 1.03
L-4 1.00 1.00 1.00 1.00 1.02
TL-1 1.06 1.06 1.06 1.06 1.08
TL-2 1.10 1.10 1.10 1.10 113
L-1 1.09 1.09 1.09 1.09 1.10
L-2 1.09 1.09 1.09 1.09 111
(50] L-3 1.04 1.04 1.04 1.04 1.06
L4 1.08 1.08 1.08 1.08 1.10
L-5 1.08 1.08 1.08 1.08 1.09
L-6 1.12 112 112 112 1.14
B4A 0.98 0.98 0.98 0.98 0.99
(51] B4B 0.93 0.93 0.93 0.93 0.94
B4C 0.89 0.89 0.89 0.89 0.90
B4D 0.93 0.93 0.93 0.93 0.95
L7 0.90 0.90 0.90 0.90 0.95
[52] L8 0.89 0.89 0.89 0.89 0.91
L9 0.88 0.88 0.88 0.88 0.90
(53] LW-5 1.10 1.10 1.10 1.10 1.16
u — 1.02 1.02 1.02 1.02 1.04
) — 0.08 0.08 0.08 0.08 0.08
Data sources RC beam number EN 1992-1-1 BS5400-4 AASHEO EN1991-2 2003 CRC PRESS
My/My My/Myc My/Myc My/Myc My/Myc
Test 400-C60-1-1 1.23 1.31 1.14 1.14 1.14
400-C60-1-2 1.15 1.22 1.07 1.06 1.07
SB-1 1.17 1.35 1.21 117 1.21
(48] SB-2 0.98 113 1.00 0.98 1.00
SB-3 1.06 1.22 1.09 1.06 1.09
L-1 0.97 1.12 0.99 0.97 0.99
L-2 0.95 1.09 0.98 0.95 0.98
(49] L-3 0.99 1.14 1.03 0.99 1.03
L-4 1.00 1.15 1.02 1.00 1.02
TL-1 1.06 1.21 1.08 1.06 1.08
TL-2 1.10 1.26 113 1.10 113
L-1 1.09 1.25 1.10 1.09 1.10
L-2 1.09 1.25 1.11 1.09 111
(50] L-3 1.04 1.19 1.06 1.04 1.06
L-4 1.08 1.24 1.10 1.08 1.10
L-5 1.08 1.24 1.09 1.08 1.09
L-6 1.12 1.29 1.14 1.12 1.14
B4A 0.98 113 0.99 0.95 0.99
(51] B4B 0.93 1.07 0.94 0.88 0.94
B4C 0.89 1.02 0.90 0.81 0.90
B4D 0.93 1.07 0.95 0.82 0.95
L7 0.90 1.04 0.95 0.90 0.95
(52] L8 0.89 1.02 0.91 0.89 0.91
L9 0.88 1.01 0.90 0.88 0.90
(53] LW-5 1.10 1.15 1.16 113 0.98
4 — 1.03 1.17 1.04 1.01 1.04
6 — 0.09 0.08 0.08 0.10 0.08

Note. M, in the table is the measured ultimate flexural bearing capacity and M, is the calculated value of ultimate flexural bearing capacity obtained by taking
the measured yield strength of reinforcement from the current code formulas.
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FiGure 6: Comparison of experimental flexural bearing capacity M, with M, calculated by different codes for beams with 400 MPa steel
bars.

TABLE 8: Details of beams with 500 MPa steel bars.

Data RC beam Reinforcement Concrete
b/mm h/mm [0/mm c¢/mm p/100% ) 4
sources number AJ/mm’ f,/MPa E/GPa f./MPa f4/MPa f/MPa E x10/MPa
LW1 200 400 3200 30 0.8 603 567.3 210 43.4 27.3 2.66 3.33
Lw2 200 400 3200 30 0.8 603 567.3 210 47.8 30.4 2.79 342
LW3 200 400 3200 30 0.8 603 567.3 210 56.2 34.3 2.97 3.55
[54] LW4 200 400 3200 30 1.3 982 502.8 210 43.4 27.3 2.66 3.33
LW5 200 400 3200 30 1.3 982 502.8 210 47.8 30.4 2.79 3.42
LW6 200 400 3200 30 1.3 982 502.8 210 56.2 34.3 2.97 3.55
LW7 200 400 3200 30 2.1 1608 522.5 210 47.8 30.4 2.79 342
FB1 200 400 3000 30 0.4 339 515 211 23.3 15.6 1.96 2.71
FB2 200 410 3000 30 0.6 509 567 213 28.1 18.8 2.18 291
FB3 200 399 3000 30 1.2 982 537 205 25.7 17.2 2.07 2.82
FB4 200 403 3000 30 0.4 339 515 211 334 22.3 2.39 3.09
[55] FB5 200 401 3000 30 0.6 509 567 213 335 22.4 24 3.09
FB6 200 405 3000 30 1.2 982 537 205 321 21.5 2.34 3.05
FB7 200 395 3000 30 0.4 339 515 211 40.6 271 2.67 3.27
FB8 200 406 3000 30 0.6 509 567 213 40.7 27.2 2.67 3.28
FB9 200 402 3000 30 1.2 982 537 205 40.3 27 2.65 3.27
B5F1 250 400 3600 30 0.7 603 549.5 200 — 22.74 2.16 3.11
[56] B5F2 250 400 3600 30 1.1 982 495 200 — 22.74 2.16 3.11
B5F3 250 400 3600 30 0.7 603 549.5 200 — 36.2 2.77 3.55

B5F4 250 400 3600 30 1.1 982 495 200 — 36.2 2.77 3.55
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TasLE 8: Continued.
Data RC beam b/mm h/mm [0/mm c¢/mm p/100% Rzinforcement Concrete 4
sources number AJ/mm* f,/MPa EJ/GPa f./MPa fi/MPa f/MPa E x10%/MPa
LW1 204 400 3200 30 0.8 603 567.3 200 41.3 27.3 2.66 3.29
Lw2 202 400 3200 30 0.8 603 567.3 200 45.5 30 2.79 3.38
LW3 202 400 3200 30 0.8 603 567.3 200 53.5 34.3 2.97 3.51
[57] LW4 199 400 3200 30 1.3 982 502.8 200 41.3 27.3 2.66 3.29
LW5 200 400 3200 30 1.3 982 502.8 200 45.5 30 2.79 3.38
LWe6 199 400 3200 30 1.3 982 502.8 200 53.5 34.3 2.97 3.51
Lw7 200 400 3200 30 2.2 1608 522.5 200 45.5 30 2.79 3.38
L1 202 405 3200 30 0.6 462 525 200 21.42 14.33 1.87 2.62
L2 204 400 3200 30 0.8 603 550 200 21.42 14.33 1.87 2.62
L3 198 401 3200 30 1.0 760 530 200 21.42 14.33 1.87 2.62
L4 201 402 3200 30 1.3 982 505 200 21.42 14.33 1.87 2.62
LX1-A 200 402 3200 30 0.6 462 525 200 221 14.78 1.91 2.65
(58] LX2-A 199 402 3200 30 0.8 603 550 200 22.1 14.78 1.91 2.65
LX3-A 202 400 3200 30 1.0 760 530 200 22.1 14.78 1.91 2.65
LX4-A 201 403 3200 30 1.3 982 505 200 221 14.78 1.91 2.65
LX1-B 203 402 3200 30 0.6 462 525 200 21.01 14.05 1.86 2.6
LX2-B 200 401 3200 30 0.8 603 550 200 21.01 14.05 1.86 2.6
LX3-B 203 400 3200 30 1.0 760 530 200 21.01 14.05 1.86 2.6
LX4-B 202 401 3200 30 1.3 982 505 200 21.01 14.05 1.86 2.6
LI-A 149 305 2800 30 0.2 100 540 200 27.96 187 247 2.91
L1-B 253 305 2800 30 0.2 100 540 200 27.96 187 247 291
L1-C 150 303 2800 30 0.2 100 540 200  42.67 28.54 311 3.32
L2-A 152 310 2800 30 1.0 399 502 200 46.31  30.97 3.26 3.39
L2-B 150 308 2800 30 1.0 399 502 200 49.51 33.11 3.38 3.45
[59] L3-A 150 315 2800 30 1.4 599 502 200 48.34 32.33 3.33 3.43
L3-B 150 301 2800 30 1.5 599 502 200 42.7 28.56 3.11 3.32
L4-A 151 303 2800 30 2.2 799 502 200 52.1 34.84 3.47 3.49
L4-B 152 306 2800 30 2.2 799 502 200 52.1 34.84 3.47 3.49
L5-A 149 303 2800 30 2.8 999 502 200 46.75 31.27 3.27 34
L5-B 148 305 2800 30 2.8 999 502 200 46.75  31.27 2.27 3.4
B-N2 200 250 3080 26 1.2 509 530 — — 48.61 3.69 2.46
B-N3 200 250 3080 26 1.8 763 530 @ — — 4861 3.9 2.46
B-N4 200 250 3080 26 2.4 1018 530 — — 48.61 3.69 2.46
B-M2 200 250 3080 26 1.2 509 530 — — 78.5 5.05 3.54
[60] B-M3 200 250 3080 26 1.8 763 530 — — 78.5 5.05 3.54
B-M4 200 250 3080 26 2.4 1018 530 — — 78.5 5.05 3.54
B-H2 200 250 3080 26 1.2 509 530 — — 102.4 5.59 3.84
B-H3 200 250 3080 26 1.8 763 530 — — 102.4 5.59 3.84
B-H4 200 250 3080 26 2.4 1018 530 — — 102.4 5.59 3.84
L4 250 400 3400 35 1.3 1257 435 200 — 143 1432 3
[52] L5 250 400 3400 35 13 1257 435 200 — 231 1.89 345
L6 250 400 3400 35 1.3 1257 435 200 — 27.5 2.04 3.6
Note. Symbol “—” means that the parameter has no relevant data in the literature.

when checked for a strength criterion. According to the
analysis results, the strength utilization ratio of reinforce-
ment was considered to meet the requirements of strength
and reliability, and hence, the appropriate design yield
strength of the 600 MPa grade steel bar was selected as
520 MPa.

4.2. Reliable Indicators of Beams under Different Concrete
Strength Grades. In the reliability calculation, parameters
are divided into deterministic variables and random vari-
ables. The deterministic random variables include geometric

parameters and design parameters, such as cover thickness
and reinforcement ratio. The random variables are load and
material parameters, such as concrete strength, reinforce-
ment strength, constant load, and variable load [67-69]. It
can be seen from the above analysis that the influence of
constant load and variable load on the reliability index of the
beam is such that the reliability index of the test beam in-
creased with an increase in the constant load to variable load
ratio. When the load ratio reached a certain value, the re-
liability index of the beam became approximately constant.
In order to study the influence of the concrete strength grade
on the reliability index, the index was calculated for RC
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TaBLE 9: Comparison experimental flexural bearing capacity Mu with Muc calculated by different codes for beams with 500 MPa steel bars.

Data sources RC beams number GB50010 -2010 SL191 -2008 DL/T5057 -2009 JTG D62-2012 ACI 318-2014
M, /M, M, /M, M, /M, M, /M, M, /M,
LW-1 0.93 0.93 0.93 0.93 0.95
LW-2 1.01 1.01 1.01 1.01 1.02
LW-3 118 118 118 1.18 1.19
(54] LW-4 0.99 0.99 0.99 0.99 1.02
LW-5 1.00 1.00 1.00 1.00 1.02
LW-6 1.00 1.00 1.00 1.00 1.02
LW-7 1.06 1.06 1.06 1.06 1.10
FB-1 1.10 1.10 1.10 1.10 1.12
FB-2 0.89 0.89 0.89 0.89 0.91
FB-3 1.07 1.07 1.07 1.07 1.12
FB-4 112 1.12 112 112 1.13
[55] FB-5 1.10 1.10 1.10 1.10 1.12
FB-6 1.01 1.01 1.01 1.01 1.04
FB-7 1.20 1.20 1.20 1.20 1.21
FB-8 1.09 1.09 1.09 1.09 111
FB-9 1.18 1.18 1.18 1.18 1.22
BSF1 117 1.17 117 117 1.18
(56] B5F2 1.22 1.22 1.22 1.22 1.25
BSF3 1.09 1.09 1.09 1.09 1.10
B5F4 1.20 1.20 1.20 1.20 1.22
LW-1 0.94 0.94 0.94 0.94 0.96
LW-2 1.05 1.05 1.05 1.05 1.06
LW-3 1.19 1.19 1.19 1.19 1.21
[57] LW-4 1.03 1.03 1.03 1.03 1.05
LW-5 1.02 1.02 1.02 1.02 1.04
LW-6 1.01 1.01 1.01 1.01 1.03
LW-7 1.08 1.08 1.08 1.08 112
L1 1.01 1.01 1.01 1.01 1.04
L2 1.17 1.17 1.17 117 1.21
L3 1.16 1.16 1.16 1.16 1.21
L4 113 113 113 1.13 1.20
LX1-A 1.01 1.01 1.01 1.01 1.03
(58] LX2-A 111 111 111 111 1.15
LX3-A 1.18 118 1.18 1.18 1.23
LX4-A 117 1.17 117 1.17 1.23
LX1-A 0.97 0.97 0.97 0.97 0.99
LX2-A 1.09 1.09 1.09 1.09 1.13
LX3-B 1.19 1.19 1.19 1.19 1.24
LX4-B 1.15 1.15 1.15 1.15 1.22
L1-A 1.18 1.18 1.18 1.18 1.19
L1-B 1.16 1.16 1.16 116 117
L1-C 1.32 1.32 1.32 1.32 1.32
L2-A 1.07 1.07 1.07 1.07 1.09
L2-B 1.05 1.05 1.05 1.05 1.07
(59] L3-A 1.03 1.03 1.03 1.03 1.06
L3-B 1.09 1.09 1.09 1.09 1.12
L4-A 0.94 0.94 0.94 0.94 0.97
L4-B 0.98 0.98 0.98 0.98 1.01
L5-A 0.93 0.93 0.93 0.93 0.97
L5-B 0.89 0.89 0.89 0.89 0.93
B-N2 1.07 1.07 1.07 1.07 1.09
B-N3 1.03 1.03 1.03 1.03 1.05
B-N4 0.99 0.99 0.99 0.99 1.01
B-M2 1.04 1.04 1.04 1.04 1.05
[60] B-M3 0.98 0.98 0.98 0.98 0.99
B-M4 0.97 0.97 0.97 0.97 0.9
B-H2 1.01 1.01 1.01 1.01 1.02
B-H3 1.00 1.00 1.00 1.00 1.01
B-H4 0.99 0.99 0.99 0.99 1.00
L4 0.93 0.93 0.93 0.93 0.97
[52] L5 0.86 0.86 0.86 0.86 0.89
L6 0.87 0.87 0.87 0.87 0.89
u — 1.06 1.06 1.06 1.06 1.09

8 — 0.09 0.09 0.09 0.09 0.09
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TaBLE 9: Continued.

Data sources RC beams number EN1992-1-1 BS5400-4 AASHEO EN1991-2 2003 CRC PRESS
M, /M, M, /M, M,/M,. M,/M,. M, /M,
LW-1 0.93 1.07 0.95 0.93 0.95
LW-2 1.01 1.16 1.02 1.01 1.02
LW-3 118 1.35 1.19 118 1.19
[54] LW-4 0.99 1.14 1.02 0.99 1.02
LW-5 1.00 115 1.02 1.00 1.02
LW-6 1.00 1.15 1.02 1.00 1.02
LW-7 1.06 121 1.10 1.06 1.10
FB-1 1.10 1.27 112 1.10 1.12
FB-2 0.89 1.02 0.91 0.89 0.91
FB-3 1.07 1.23 112 1.07 1.12
FB-4 112 1.28 113 112 1.13
[55] FB-5 1.10 1.27 112 1.10 1.12
FB-6 1.01 1.16 1.04 1.01 1.04
FB-7 1.20 1.38 1.21 1.20 1.21
FB-8 1.09 1.25 111 1.09 111
FB-9 118 1.36 122 118 1.22
BSF1 117 1.37 118 117 1.18
(56] BSF2 1.22 1.41 1.25 1.22 1.25
BSF3 1.09 1.25 1.10 1.09 1.10
B5F4 1.20 1.38 1.22 1.20 1.22
LW-1 0.94 1.08 0.96 0.94 0.96
LW-2 1.05 1.20 1.06 1.05 1.06
LW-3 1.19 1.37 1.21 1.19 1.21
[57] LW-4 1.03 1.18 1.05 1.03 1.05
LW-5 1.02 117 1.04 1.02 1.04
LW-6 1.01 1.16 1.03 1.01 1.03
LW-7 1.08 1.24 1.12 1.08 112
L1 1.01 1.16 1.04 1.01 1.04
L2 117 1.35 1.21 1.17 1.21
L3 116 1.33 1.21 1.16 1.21
L4 113 1.30 1.20 1.13 1.20
LX1-A 1.01 1.16 1.03 1.01 1.03
(58] LX2-A 111 1.28 1.15 111 115
LX3-A 118 1.36 1.23 1.18 1.23
LX4-A 117 1.34 1.23 117 123
LX1-B 0.97 112 0.99 0.97 0.99
LX2-B 1.09 1.25 113 1.09 113
LX3-B 1.19 1.37 1.24 1.19 1.24
LX4-B 115 1.33 1.22 115 122
L1-A 1.18 1.36 1.19 1.18 1.19
L1-B 1.16 1.34 117 1.16 1.17
L1-C 1.32 1.51 1.32 1.32 1.32
L2-A 1.07 1.23 1.09 1.07 1.09
L2-B 1.05 1.21 1.07 1.05 1.07
[59] L3-A 1.03 1.19 1.06 1.03 1.06
L3-B 1.09 1.25 112 1.09 1.12
L4-A 0.94 1.03 0.97 0.94 0.97
L4-B 0.98 1.12 1.01 0.98 1.01
L5-A 0.93 1.07 0.97 0.93 0.97
L5-B 0.89 1.02 0.93 0.89 0.93
B-N2 1.07 1.23 1.09 1.07 1.09
B-N3 1.03 1.18 1.05 1.03 1.05
B-N4 0.99 1.13 1.01 0.99 1.01
B-M2 1.04 1.20 1.05 1.04 1.05
[60] B-M3 0.98 1.12 0.99 0.98 0.99
B-M4 0.97 1.12 0.99 0.97 0.99
B-H2 1.01 1.16 1.02 1.01 1.02
B-H3 1.00 1.15 1.01 1.00 1.01
B-H4 0.99 1.14 1.00 0.99 1.00
L4 0.93 1.07 0.73 0.93 0.87
[52] L5 0.86 0.99 0.75 0.99 0.83
L6 0.87 1.00 0.78 1.03 0.84
u — 1.06 1.22 1.01 1.06 1.08
) — 0.09 0.09 0.11 0.09 0.10

Note. M, in the table is the measured ultimate flexural bearing capacity and M, is the calculated value of ultimate flexural bearing capacity obtained by taking
the measured yield strength of reinforcement from the current code formulas.
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Figure 7: Comparison of experimental flexural bearing capacity M, with M, calculated by different codes for beams with 500 MPa steel

bars.

beams reinforced with 600 MPa grade steel and having the
concrete grade of C40, C50, and C60. The reliability analysis
of the flexural bearing capacity of RC beam was calculated by
considering the design yield strength of the steel bar as
520 MPa.

As shown in Figures 11 and 12, the trend of change in p-f8
curve corresponding to different concrete strength grades
was basically the same for the two reinforcement ratios of
600 MPa grade steel. Generally speaking, the reliability index
of the beam increased with an increase in the strength of
concrete, but the increase was not large.

The curve of the minimum value of the reliability index
of the beam with different concrete strength grades is shown
in Figure 13. The trend of change in the minimum value of
the reliability index of the beam under different reinforce-
ment ratios was basically the same. With an improvement in
the concrete strength grade, the minimum value of the
reliability index increased; when the reinforcement ratio is
small, the minimum value of the reliability index of the beam
is larger.

Table 14 shows the statistical parameters of the mini-
mum reliability index corresponding to different concrete

strength grades of the test beams. The average value of the
minimum reliability index of the test beams with a rein-
forcement ratio of 0.005 was 3.172 for each concrete strength
grade. The average value of the minimum reliability index
corresponded to the failure probability of 7.57 x 10™*, The
average value of the minimum reliability index for different
concrete grades with a reinforcement ratio of 0.008 was
3.148, and the average value of the minimum reliability index
corresponded to the failure probability of 8.23x107*. The
overall average minimum reliability index of the test beam
(irrespective of the reinforcement ratio) was 3.160, and the
corresponding failure probability was 7.89x107*%. These
values are close to the code specified values. The coefficient
of variation of the minimum reliability index corresponding
to different concrete strength grades was negligibly small,
indicating that the minimum reliability index was less af-
fected by the concrete strength grade and had good stability.
The analysis of the minimum reliability index of the beams
with different concrete strength grades further verified that
the design yield strength of the 600 MPa grade steel bar
should be taken as 520MPa to meet the reliability
requirements.
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TABLE 10: Details of beams with 600 MPa steel bars.

17

Data RC beam b/ h 1 y 1100% Reinforcement Concrete
sources number T A /i cimi p ’ AJmm® fy/MPa Es/GPa Fcu/MPa Fck/MPa fis/MPa Ec x104/MPa
L5 200 400 3200 30 13 982 622 — 54.67 35.3 2.80 3.52
L-7 200 400 3200 30 1.3 982 622 — 54.67 35.3 2.80 3.52
39] L-8 200 400 3200 30 1.0 763 654 — 54.67 353 2.80 3.52
L-9 200 400 3200 30 0.7 509 654 — 54.67 353 2.80 3.52
L-10 200 400 3200 30 1.0 763 654 — 67.42 45.49 3.68 3.68
L-11 200 400 3200 30 0.7 509 654 — 67.42 45.49 3.68 3.68
LW-1 200 400 3200 30 — 509 654 — 5427 3511 3.2 —
LW-2 200 400 3200 30 — 509 654 — 67.42 43.27 3.09 —
[61] LW-3 200 400 3200 30 — 763 654 — 54.27 35.11 3.02 —
LW-4 200 400 3200 30 — 763 654 — 67.42 43.27 3.09 —
LW-5 200 400 3200 30 — 982 622 — 54.27 35.11 3.02 —
LW-6 200 400 3200 30 — 982 622 — 67.42 43.27 3.09 —
LW1 200 400 3000 25 0.8 603 645 — 19.5 19.5 2.22 —
53] Lw2 200 400 3000 25 0.8 603 645 — 31.2 31.2 2.85 —
Lw3 200 400 300 25 1.4 982 610 — 19.5 19.5 2.22 —
LW4 200 400 3000 25 1.4 982 610 — 31.5 31.2 2.85 —
L-1 250 400 3400 35 11 1140 500 200 — 14.3 1.43 3.0
(52] L2 250 400 3400 35 1.1 1140 500 200 — 231 1.89 3.45
L-3 250 400 3400 35 1.1 1140 500 200 — 27.5 2.04 3.6
Note. Symbol “—” means that the parameter has no relevant data in the literature.

TasLE 11: Comparison of experimental flexural bearing capacity M, with M, calculated by different codes for beams with 600 MPa steel

bars.

Data sources RC beam number  GB30010-2010  SLI9L -2008  DL/T5057-2009 JTGD62-2012 ACI318-2014
M/ My M/ My, My/M,, M/ My, My/M,
600-C30-1-1 1.16 1.16 1.16 1.16 118
600-C30-1-2 1.15 1.15 115 115 117
600-C30-2-1 1.20 1.20 1.20 1.20 1.22
600-C30-2-2 1.19 1.19 1.19 1.19 1.20
600-C40-1-1 1.06 1.06 1.06 1.06 1.08
600-C40-1-2 1.04 1.04 1.04 1.04 1.06
600-C40-2-1 1.10 1.10 1.10 1.10 111
Test 600-C40-2-2 1.25 1.25 1.25 1.25 127
600-C50-1-1 1.04 1.04 1.04 1.04 1.06
600-C50-1-2 1.10 1.10 1.10 1.10 1.12
600-C50-2-1 1.16 1.16 116 1.16 1.17
600-C50-2-2 1.19 1.19 1.19 1.19 1.20
600-C60-1-1 1.08 1.08 1.08 1.08 1.09
600-C60-1-2 1.07 1.07 1.07 1.07 1.08
600-C60-2-1 1.20 1.20 1.20 1.20 1.20
600-C60-2-2 1.20 1.20 1.20 1.20 1.20
L-5 1.16 1.16 1.16 1.16 1.29
L-7 1.11 111 111 111 1.24
(39] L-8 1.14 1.14 1.14 1.14 1.24
L-9 1.13 113 113 1.13 1.19
L-10 1.13 1.13 113 113 1.19
L-11 1.11 111 111 111 1.15
LW-1 1.13 113 113 113 1.14
LW-2 1.14 1.14 1.14 1.14 1.15
(61] LW-3 1.14 1.14 1.14 1.14 1.16
LW-4 1.13 113 113 113 1.15
LW-5 1.12 1.12 112 1.12 1.14
LW-6 1.13 113 113 113 1.15
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TaBLE 11: Continued.

Data sources  RC beam number | GB50010-2010  SLIOL 2008 DL/T5057-2009 JTGD62-2012 ACI318-2014
My/Myc My/Myc My/M,, My/Myg. My/M,,
LWI1 113 113 113 113 1.16
(53] LW2 1.05 1.05 1.05 1.05 1.07
LW3 1.08 1.08 1.08 1.08 113
LW4 1.06 1.06 1.06 1.06 1.09
L-1 0.92 0.92 0.92 0.92 0.97
(52] L-2 0.90 0.90 0.90 0.90 0.93
L-3 0.89 0.89 0.89 0.89 0.91
u — 111 111 111 111 1.14
) — 0.07 0.07 0.07 0.07 0.08
Data sources RC beam number EN1992-1-1 BS5400-4 AASHEO EN1991-2 2003 CRC PRESS
My/Myc My/Myc My/M,, My/Myc My/M,,
600-C30-1-1 1.14 1.33 1.18 1.10 118
600-C30-1-2 113 1.32 117 1.09 117
600-C30-2-1 1.19 1.38 1.22 1.17 1.22
600-C30-2-2 1.20 1.37 1.20 1.18 1.20
600-C40-1-1 1.06 1.22 1.08 1.04 1.08
600-C40-1-2 1.04 1.20 1.06 1.02 1.06
600-C40-2-1 1.10 1.27 111 1.09 111
Test 600-C40-2-2 1.25 1.44 1.27 1.24 127
600-C50-1-1 1.04 1.19 1.06 1.01 1.06
600-C50-1-2 1.10 127 112 1.07 1.12
600-C50-2-1 1.16 1.34 117 1.14 117
600-C50-2-2 1.19 1.37 1.20 1.17 1.20
600-C60-1-1 1.08 1.24 1.09 1.08 1.09
600-C60-1-2 1.07 1.23 1.08 1.07 1.08
600-C60-2-1 1.20 1.37 1.20 1.20 1.20
600-C60-2-2 1.20 1.37 1.20 1.20 1.20
L-5 1.24 1.33 1.19 1.16 1.19
L-7 1.20 1.28 1.14 111 1.14
39 L-8 1.20 1.31 1.16 1.14 1.16
[39] L-9 1.17 1.29 1.14 113 1.14
L-10 1.17 1.30 1.14 1.13 1.14
L-11 113 1.28 112 111 1.12
LW-1 113 1.30 1.14 113 1.14
LW-2 1.14 1.31 1.15 1.14 1.15
(61] LW-3 1.14 1.31 1.16 1.14 1.16
LW-4 113 1.30 1.15 113 1.15
LW-5 1.12 1.28 1.14 1.12 1.14
LW-6 113 1.30 1.15 113 1.15
LW1 113 1.30 1.16 113 1.16
(53] LW2 1.05 1.20 1.07 1.05 1.07
LW3 1.08 1.24 1.13 1.08 1.13
LW4 1.06 1.22 1.09 1.06 1.09
L-1 0.92 1.06 0.97 0.92 0.97
(52] L-2 0.90 1.04 0.93 0.90 0.93
L-3 0.89 1.02 0.91 0.89 0.91
u — 112 127 113 1.10 1.13
) — 0.08 0.07 0.07 0.07 0.07

Note. M, in the table is the measured ultimate flexural bearing capacity and M, is the calculated value of ultimate flexural bearing capacity obtained by taking
the measured yield strength of reinforcement from the current code formulas.



Advances in Civil Engineering

M, /kN-m

M, /kN-m

M, /KN-m

300

250

200

150

100

50

300

250

200

150

100

50

300

250

200

150

100

50

[ GB50010-2010 o
’ [ _J
e -
- . u B L P
e
_ o
0 50 100 150 200 250 300
M, /KN-m
= 400MPa - +20%
o 500MPa So 20%
A 600MPa
()
[ DL/T 5057-2009 e
’ [ _J
-
L " mA R4
.o -7 .
L X /}/‘,
0 50 100 150 200 250 300
M, /kN-m
u 400MPa L 420%
o 500MPa Ss 20%
4 600MPa
(c)
[ ACI318-2014 7
, o
e g
- A . -
R S g
i o Pt -
0 50 100 150 200 250 300
M, /kKN-m
u 400MPa - 420%
o 500MPa S= Z20%
4 600MPa

M, /kN-m

M, /KN-m

M, /kN-m

300 - .
SL 191-2008 ‘
. [_J
250 |
s
200 o
150 L T ‘//
100 | e 2
50 | A
0 1 1 1 1 1 J
0 50 100 150 200 250 300
M, /kN-m
= 400MPa —e - 420 %
e 500MPa --- -20%
4 600MPa
(b)
300 .
JTG D62-2012 ‘
. (_J
250 f
¥y
200 - of L7
150 L 8o ‘/A/ -
100 | e
50 '
0 L L L L L J
0 50 100 150 200 250 300
M, /kN-m
= 400MPa S 420%
o 500MPa —-- -20%
4 600MPa
(d)
300 .
EN 1991-1-1 .
4 )
250 |
t/AA -
200 + ‘i‘ = P
150 L 8o ‘/A/z
100 f g 5
50 A
0 L L L L L J
0 50 100 150 200 250 300
M, /kN-m
= 400MPa S 420%
o 500MPa —-- =20%
4 600MPa
()

Figure 8: Continued.

19



20 Advances in Civil Engineering

300 . 300 X
BS5400-4 -’ CRC press e
250 + P 250 + i ’
T - Y .
200 - Am - 200 ‘a e
'y . .
g f* o g . BT
é 150 F /‘,' 7 § 150 | o Tk -
= e 5 -
= # P = Phe
100 | L 100 - L Ps -
50 1 e 50 b s
0 g . . . . . , 0 ! ! ! ! ! J
0 50 100 150 200 250 300 0 50 100 150 200 250 300
MuC/kN‘m Muc/kN'm
= 400 MPa --= +20% = 400 MPa --- 4+20%
e 500MPa --- =20% e 500MPa --- -20%
A 600 MPa A 600 MPa
(& (h)
300 . 300 .
AASHTO LRFD L7 EN 1991-2 L7
P L7 e
250 + - ’ 250 L P .
Y - Y -
200 L A Pe 200 + L -7
; ok ; . L
Z 150} N G Z 150 |
=< A - a2 A >
= .- S -
100 + , o7 100 | i .
50 % 50 5
0 1 1 1 1 1 J O 1 1 1 1 1 J
0 50 100 150 200 250 300 0 50 100 150 200 250 300
M, /KkN-m M, /kN-m
= 400MPa --= +20% = 400 MPa --- +20%
e 500MPa --- =20% e 500MPa --- -20%
A 600 MPa A 600MPa
@ 0

Figure 8: Comparison of experimental flexural bearing capacity M, with M, calculated by different codes for beams with 600 MPa steel
bars.
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Ficure 9: Continued.
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TaBLE 12: The minimum reliable indexes and failure probability of the C60 test beam under different conditions.

Minimum reliable index - . Code value
Rebar category  fy Reinforcement rate 0.008  Reinforcement rate 0.005 Average  Probability of failure B Pr
360 3.062 — 3.095 9.83x107*
HRB400 500 3.281 3.302 3.291 4.99%x107* 32 687x10°
HRBE00 520 3.163 3181 3172 7.57x107* -
545 3.023 3.036 3.030 1.22x107°

TasLE 13: Comparison of experimental flexural bearing capacity M, with M, calculated by code of 520 MPa for the reinforcement design
strength.

RC beam number EN1992-1-1 BS5400-4 AASHEO EN1991-2 2003 CRC PRESS
M/ M, M/ M, M/ M, M/ M, M/ M,
600-C30-1-1 1.40 1.40 1.44 1.40 1.42
600-C30-1-2 1.39 1.39 1.42 1.39 1.41
600-C30-2-1 1.29 1.45 1.33 1.29 1.31
600-C30-2-2 1.27 1.43 1.30 1.27 1.29
600-C40-1-1 1.27 1.29 1.30 1.27 1.28
600-C40-1-2 1.35 1.27 1.38 1.35 1.36
600-C40-2-1 1.33 1.34 1.36 1.33 1.34
600-C40-2-2 1.32 1.52 1.35 1.32 1.32
600-C50-1-1 1.45 1.27 1.49 1.45 1.47
600-C50-1-2 1.43 1.35 1.47 1.43 1.45
600-C50-2-1 1.34 1.41 1.37 1.34 1.35
600-C50-2-2 1.52 1.45 1.56 1.52 1.53
600-C60-1-1 1.41 1.33 1.45 1.41 1.42
600-C60-1-2 1.45 1.32 1.48 1.45 1.46
600-C60-2-1 1.46 1.45 1.49 1.45 1.46
600-C60-2-2 1.46 1.45 1.49 1.45 1.46
M 1.38 1.38 1.42 1.38 1.40

A 0.05 0.05 0.05 0.05 0.05
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TaBLE 13: Continued.

RC beam number EN1992-1-1 BS5400-4 AASHEO EN1991-2 2003 CRC PRESS
M/ My M/ Mye M/ Mye Mo/ Mye Mo/ My
600-C30-1-1 1.38 1.61 1.42 1.35 1.42
600-C30-1-2 1.37 1.60 1.41 1.34 1.41
600-C30-2-1 1.44 1.49 1.47 1.27 1.47
600-C30-2-2 1.45 1.46 1.45 1.25 1.45
600-C40-1-1 1.29 1.46 1.31 1.24 1.31
600-C40-1-2 1.27 1.55 1.29 1.31 1.29
600-C40-2-1 1.34 1.53 1.35 1.33 1.35
600-C40-2-2 1.52 1.51 1.53 1.32 1.53
600-C50-1-1 1.27 1.67 1.28 1.42 1.28
600-C50-1-2 1.35 1.65 1.36 1.40 1.36
600-C50-2-1 1.41 1.54 1.42 1.32 1.42
600-C50-2-2 1.45 1.75 1.46 1.50 1.46
600-C60-1-1 1.33 1.62 1.34 1.39 1.34
600-C60-1-2 1.32 1.66 1.32 1.42 1.32
600-C60-2-1 1.46 1.67 1.46 1.45 1.46
600-C60-2-2 1.46 1.67 1.46 1.45 1.46
M 1.38 1.59 1.40 1.36 1.40
A 0.05 0.05 0.05 0.06 0.05

Note. M, in the table is the measured ultimate flexural bearing capacity and M, is the calculated value of ultimate flexural bearing capacity obtained by taking
the measured yield strength of reinforcement from the current code formulas.
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FIGURE 11: p-f Curve of different concrete strength grades with the reinforcement rate of 0.005.

5.0

4.5

B 4.0

3.5

3_0 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
P
—— C30f,=520MPa —— C50f,=520MPa
—— C40f,=520MPa —— €60 f,=520MPa

FIGURE 12: p-f Curve of different concrete strength grades with the reinforcement rate of 0.008.



24 Advances in Civil Engineering
3.22
3.20 -
3.18 +
g
SN
3.16
3.14 +
3.12 1 1
C30 C40 C50 C60
Concrete strength grade
—o— Reinforcement rate 0.005 fy =520MPa
—«— Reinforcement rate 0.008 fy =520MPa
FiGure 13: Concrete strength grade-fmin curve.
TaBLE 14: Statistical parameters of the minimum reliable index.
Reinforcement rate g s o yé (Sé yp'f B P M;;If/Pf
0.005 3172 0.002 7.57x107* 4 4
0.008 3148 0.003 823 %10~ 3.160 0.005 7.89x10 3.2 6.87 x10 1.15

Note. g is the average reliability index of concrete different strength grades corresponding to the reinforcement ratio; d is the coefficient of variation of

different concrete strength grades corresponding to the reinforcement ratio; y

is the failure probability of the concrete different strength grades cor-

responding to the reinforcement rate; ,ué is the average value of the overall reliability index; 51; is the coefficient of variation of the overall reliability index; ypj’ is
the overall average failure probability; f is the reliability index in code; and p; is the failure probability in code.

5. Conclusion

This paper investigated the flexural bearing capacity of
concrete beams reinforced with high-strength steel bars
(600 MPa) and concrete of different strengths. Combined
with the test data, this study analyzed the applicability of the
equations for calculating the flexural capacity an RC beam
with 600 MPa grade reinforcement as per different national
codes. The reliability of the proposed method of analysis was
checked against the experimental performance. The con-
clusions are as follows:

(1) The expressions and symbols of the equations for
calculating the flexural capacity of the normal section
of reinforced concrete beams are consistent in various
countries, but there are slight differences in the
strength calculation and height calculation methods of
the equivalent rectangular stress diagram of concrete.

(2) The calculated values of ultimate bearing capacity of
RC beams based on codes of different countries were
compared with the measured values of ultimate bearing
capacity. Equations and calculation procedures that are
used to calculate the flexural capacity of beams rein-
forced with 400 MPa or 500 MPa grade steel could also
be used for beams reinforced with 600 MPa grade steel.

(3) On the basis of the experiment, reliability analysis was
performed for different design values of yield strength
of the 600 MPa grade steel bar. Combined with the

experimental results and considering the utilization
ratio of steel bar strength, the design value of yield
strength of the steel bar was selected to be 520 MPa.
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This paper is aimed to solve the overlearning problem of the neural network algorithm used to calculate the asphalt concrete
pavement structural modulus in reverse. The firefly algorithm was adapted to optimize the selection of support vector machine
(SVM) parameters. Based on the optimized SVM model, a new method for dynamic inversion of the semirigid base asphalt
concrete pavement structural layer modulus was presented. The results show that the absolute value of relative error of each layer
modulus is not more than 3.73% by using the proposed method. Then, the influences of temperature and humidity on the
inversion modulus of semirigid base asphalt concrete pavement in the seasonal frozen area were analyzed, and the correction
formula of the inversion modulus was established. The paper is of practical significance for improving the safety performance of

semirigid base pavement in the seasonal frozen area in China.

1. Introduction

In recent years, China’s highway construction has developed
rapidly in terms of construction scale and quantity. The
highway has reached a total mileage of 5 million kilometers
by 2019, including 143,000 km of expressways. The semirigid
base asphalt concrete pavement is most widely used in
expressways [1]. In seasonal frozen areas such as Northeast
China, Inner Mongolia, Qinghai, Gansu, Ningxia, and Tibet,
the asphalt concrete pavement structure bears the frost-
thawing damage under low temperature and damp envi-
ronment, and its bearing capacity and stability of material
will be greatly affected. These factors result in pavement
cracks, cavities, subsidence, rutting, and other diseases,
which seriously affect the traffic operation and normal use of
expressways and even threaten the development of society
and economy [2]. At present, in the design methods of
asphalt pavement in the world, static load or approximate
equivalent static load is generally used, but the static load
mode cannot reflect the actual stress state of the pavement,

so the influence of dynamic load on the design of the
pavement structure has become the focus of research.
Golewski studies the design of the concrete structure under
dynamic load and puts forward the reference criteria for the
design, construction, and maintenance of the dynamic
loading structure, which provides a reference method for the
design of pavement concrete structure [3, 4].

The bearing capacity of semirigid base asphalt concrete
pavement is important to evaluate pavement performance.
Falling weight deflectometer (FWD) is widely used as a kind
of nondestructive testing equipment for the asphalt concrete
pavement structure. Its principle is to carry out inversion
analysis on the modulus of the asphalt concrete pavement
structural layer according to the deflection value measured
by FWD under impact load [4]. Scrivener et al. first proposed
the inverse modulus calculation method of FWD deflection
basin by solving the Burmister double layer system and
compiled the inversion nomograph [5]. However, the re-
gression analysis method cannot be used to process large-
scale FWD-measured data with poor inversion accuracy and
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versatility. Bush developed BISDEF and CHEVDEEF software
for inversion of the pavement structural layer modulus by
using the iterative method [6]. Based on the system iden-
tification, Wang used this method to develop a software
SIDMOD for inversion of the pavement structural layer
modulus [7]. Nevertheless, the inversion results obtained by
the iterative method are greatly affected by initial value and
iterative method, and the iterative method converges slowly.
Based on the database search method, Utahj et al. developed
the MODULUS software for inversion of the pavement
structural layer modulus [8]. Nonetheless, the database
search method takes a long time to calculate and needs to
select a more strict range of modulus. Meier et al. used the
BP neural network to inverse the modulus and developed
ANOVA software for inversion of pavement structural layer
modulus [9]. There are some problems in using the neural
network method such as oscillation and divergence out of
improper initial value. Fwa et al. studied the inverse cal-
culation of modulus by adopting the genetic algorithm and
developed the inverse software NUS-GABACK [10]. Due to
the slow calculation speed, of the genetic algorithm, NUS-
GABACK software cannot realize the large-scale inverse
calculation needed in practical engineering. The above
studies are all static inversion methods. Wang developed a
dynamic inversion program integrated with the artificial
neural network and genetic algorithm (ANN-GA) to cal-
culate the modulus of the structural layer. According to the
asphalt concrete pavement deflection measured by FWD, the
service condition of asphalt pavement can be evaluated [11].
You et al. developed a dynamic inversion model based on
ANN to predict the interlayer contact conditions and
structural layer modulus of the pavement structure in view
of the asphalt concrete pavement interlayer contact condi-
tions [12]. Considering the influence of FWD dynamic load
characteristics, viscoelastic material parameters, and non-
linear material parameters, Li et al. developed a dynamic
inversion program based on ANN in combination with the
genetic algorithm [13]. However, the neural network may
cause the problem of overlearning.

Asphalt concrete pavement material is a kind of visco-
elastic material whose strength and stability are easily af-
fected by temperature changes, so the bearing capacity of the
asphalt concrete pavement structure will change with
temperature. Subgrade is a linear structure built in the
natural environment, and its structural performance will
change with the freeze-thaw cycle in the seasonal frozen
area. The specific performance is that the change of seasonal
climate causes the moisture in the subgrade to freeze-thaw.
This affects the structural performance of the subgrade and
ultimately leads to the destruction of the asphalt concrete
pavement structure. Therefore, the influence of temperature
and humidity should be considered when calculating the
modulus of the pavement structure layer. Scholars have
carried out a lot of research on the relationship between
temperature and humidity in seasonally frozen areas and the
modulus of pavement material. Chamberlain et al. found
that the pore ratio of fine-grained soil changes with freeze-
thaw cycle and modulus, and the permeability increases with
the continuous freeze-thaw cycle [14]. Observing the change
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law of soil material properties after the first freeze-thaw
change, Simonsen et al. found that the modulus value of
subgrade decreased after the first freeze-thaw [15]. Taking
remolded soil as the research object, Mao studied the change
law of soil modulus of resilience with water content and
freeze-thaw cycles. It was found that water content in
subgrade is the most important factor affecting the modulus
of resilience, and the freeze-thaw cycle is a secondary one
under the conditions of optimum water content and degree
of compaction [16]. Chen used the self-developed multi-
functional subgrade freeze-thaw cycle test device to paper
the repeated freeze-thaw characteristics of subgrade soil in a
seasonal frozen area under different water compensating
state. Analyzing the influence of initial degree of compac-
tion, freeze-thaw cycle times, and water content on modulus
of resilience, he revealed the change law of modulus of
resilience and gave the modulus reduction coeflicient of
subgrade in a seasonal frozen area [17]. Wang used the self-
developed remote temperature and humidity acquisition
system for subgrade in a seasonal frozen area to monitor the
temperature and humidity status of subgrade, revealing the
temperature and humidity change law of pavement structure
in the seasonal frozen area. Meanwhile, he also analyzed the
influence of water content, freeze-thaw cycle times, and
degree of compaction on subgrade strength in a seasonal
frozen area through the indoor freeze-thaw cycle test [18]. To
sum up, although there are many research studies on the
asphalt concrete pavement in the seasonal frozen area, most
of them are about the influence of environmental factors on
pavement materials and subgrade physical characteristics in
the frozen soil area. There is no relevant research on the
influence of temperature and humidity in the seasonal
frozen area on the inversion modulus of the semirigid base
pavement structure layer.

Therefore, this paper introduces the SVM method, opti-
mizes the inversion of the asphalt concrete pavement structural
layer modulus by the firefly algorithm considering the effect of
temperature and humidity, and analyzes the influence of
temperature and humidity on the inversion modulus of
semirigid base asphalt pavement in the seasonal frozen area.
The research results have guiding significance to ensure the
safety performance of the asphalt concrete pavement structure
in the seasonal frozen area and extend its service cycle.

2. Dynamic Response Analysis of Semirigid
Base Pavement

2.1. Dynamic Finite Element Analysis Model of Pavement
Structure

2.1.1. Basic Assumption. In this paper, the displacement of
the elastic layer system is analyzed by assuming that each
layer satisfies the following conditions:

(1) Each structural layer is homogeneous and isotropic,
which satisfies the deformation law of linear elastic
body

(2) The contact surface of each structural layer is
continuous
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(3) The subgrade extends infinitely in horizontal and
longitudinal directions

2.1.2. Semirigid Base Pavement Structure Model. This paper
takes FWD load as the research object and selects the depth
direction 6m and radial direction 6m as calculation elements.
According to the theory of pavement structure mechanics, the
displacement, stress, and strain of the axisymmetric structure
have nothing to do with the value of 0, but only with the value
of R and Z. Therefore, the rectangular ring element is used as
the research object of the axisymmetric structure, and only the
section on the coordinate R and z plane needs to be studied.
The finite element model is shown in Figure 1.

2.2.  Calculation of Pavement Dynamic Response.
According to Hamilton’s variation principle, the dynamic
balance equation considering damping effect is [19]

[M1{6} + [C1{o} + [K1{8} = (P}, (1)

[C] = a[M] + B[M], (2)

where [M] is the global mass matrix; {6} is the global ac-
celeration vector; [C] is the global damping matrix; {8} is the
global velocity vector; [K] is the global stiffness matrix ; {3}
is the global displacement vector; {P}is the equivalent node
load vector; aandf are the damping coefficients,
a =&w and f = &/w,; w, is the structural fundamental fre-
quency; & is the mode damping ratio.

The calculation range of the model, boundary treatment,
and characteristics of the rectangular ring element are
known from [20, 21].

In this paper, the Wilson-0 direct integration method
[20, 21] is selected to calculate the dynamic balance equation,
and 0= 1.4 is taken in the calculation. The specific steps are
as follows.

2.2.1. Initial Calculation. Calculate the following constants:

T=0At(0=14),
6 3 T b
bO :?, blz;, b2:2b1, b3 :E, b4 250) (3)
b 3 At A
b5 Zgz, b6 21—5, b7 27, b8 Z?.
The effective stiffness matrix is established:
[K] = [K] + b, [C] + by [M]. (4)

The effective stiffness matrix is decomposed:

[K] =[L][D][L]". (5)

2.2.2. Calculation of Each Time Step. Calculate the effective
load vector:

3
{P(t, +7)} ={P(t; + 1)} + [M](Z{S(tl)} + bz{é(tl)}
+bo{d(t)}) + [C](b3{3(t1)}
+2{8(t)} + b, {0 (11)}).
(6)

The equation of motion is solved by
[8(t, + 7)} = [K) HP(t, + 7)}. (7)

Calculate acceleration, velocity, and displacement of t; +
At time:

O(t, + At) =b,[8(t; + At) - ()]

. N (8)
+b58(t)) +bgd (1),

O(ty +At) = 8(t)) + b, [8(t;) + 8 (t, + At)], (9)

S(t, + At) = 8(t,) + 6 (t,)At + by [3(t, + At) +25(t,)].
(10)

Based on the above solution method, the dynamic re-
sponse calculation program of the semirigid base pavement
structure is compiled in this paper.

2.3. Example Analysis

(1) In a three-layer semirigid base pavement system, the
elastic modulus of each layer is, respectively,
1200 MPa, 1400 Mpa, and 60 MPa, the thickness
18cm, 32cm, and 550 cm, the Poisson’s ratio 0.35,
0.30, and 0.40, and the density 2400 kg/m>, 2300 kg/
m’, and 1800kg/m’. In this paper, Dynatest8000
FWD is used as the applied load. In order to simplify
the calculation process, the load application curve of
FWD is simplified to a sine semiperiodic function
with the peak value of 721kpa, the action time of
32 ms, and the loading radius of 0.15 m. The load time
history curve and transducer distribution position of
the simplified FWD are shown in Figure 2 and Table 1.

The calculated deflection results in this paper are basi-
cally consistent with the measured deflection basin data at
different measuring points with small error and high ac-
curacy from Figure 5, which can be applied to actual asphalt
concrete pavement engineering.

Eight-node linear hexahedron element (C3D8R) is
selected as the calculation element of the finite el-
ement model. The boundary conditions are set as
follows: there is no X-direction displacement in the
left-right direction and no Y-direction displacement
in the front-back direction. All nodes on the bottom
are completely fixed, and the layers are completely
continuous. The finite element model is shown in
Figure 3.

It can be seen from Figure 4 that the calculation
results at different times obtained by applying the
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method in this paper are basically consistent with
those of ABAQUS, which proves that the dynamic
response calculation program has high accuracy.

(2) In order to further verify the accuracy of the program,
based on FWD-measured deflection basin data and the
position of the measuring points in [22], the calculation
program of this paper is used to calculate the corre-
sponding data. The calculated results are compared
with the measured data, as shown in Figure 5.

3. Modulus Inversion of Asphalt Concrete
Pavement Structural Layer Based on SVM

3.1. Modulus Inversion of Asphalt Concrete Pavement Struc-
tural Layer. This paper introduces the SVM model in the

modulus inversion of the asphalt concrete pavement
structure layer and uses the SVM model instead of the
numerical model to carry out the inversion of the modulus,
considering the disadvantages of the previous inversion
methods of pavement modulus. Based on the structural risk
minimization criterion, SVM can balance the relationship
between training error and complexity of learning machine.
It can improve inversion efficiency in the application of
engineering practice. SVM can solve the “overlearning”
problem faced by the neural network well and make the
calculation results have better generalization ability. It has
been widely used in the fields of automatic control, pattern
recognition, and rock mechanic parameter inversion [23].
The inversion process of the pavement structural
modulus using the SVM model is as follows [24].
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The standard SVM function SVM (x, x,, . . ., x,,,) is used
to reflect the nonlinear relationship between deflection and
parameters to be inversed:

SVM(X): R" — R, (11)
y = SVM(X), (12)
X = (X1, X0 Xp)5 (13)

whereX = (x,,x,,...,Xx,,)is the parameter of the pavement
structural layer to be inverted and Y is the deflection value of
a measuring point measured in the field.

The number of SVM (x,, x,,...,x,,) is the same as the
number of deflection transducer, and # SVM models cor-
respond to n deflection values. The SVM model y(X) which
reflects the mapping relationship between structural layer
modulus and pavement deflection is established by enough
learning samples:

1
y(X) =) (@ - o)k (x,x;) + b, (14)
i=1

where y(X) is a set of displacements of a line corresponding
to parameter X = (x;,X,,...,%,,); [ is the number of
learning samples; k (x, x;) is the kernel function; a, «* is the
Lagrange multiplier of the SVM algorithm.

From the SVM model, it can be seen that the parameter
a, o and the offset b are important parameters for creating
the SVM model, and their values can be obtained by solving
the constrained quadratic programming problem:

max W (a, o) = —% Z (o — )(oc]- —a; )k(xi, xj)

ij=1

! !
+ ZJ’i("‘i -a;) ‘52(“1' +a;),
i=1 i=1
(15)

n
st.) (a,-a’)=0,0<a,a" <C, i=1,...,n (16)
i=1

An efficient optimization algorithm is used to solve the
parameters «, «* and the offset b to establish the standard
SVM model. The optimal solution is constantly searched in
the range of modulus. When the error between the deflection
value calculated by the SVM model and the measured de-
flection reaches the minimum, a set of modulus parameters
corresponding to the calculated deflection can be deter-
mined as the real modulus of the asphalt concrete pavement
structure layer. The inversion process is completed.

3.2. Basic Steps of SVM Inversion Optimization Based on
Firefly Algorithm. The selection and optimization of model
parameters have a great influence on the establishment of
SVM model. The reasonable model parameters are one of the
important factors to ensure the accuracy and reliability of
the inversion results of the SVM model. The SVM model has
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F1GUre 5: Comparison of deflection results at different measuring
points.

two parameters, the basic parameter of the model (such as
penalty factor C and insensitive loss parameter ¢) and the
parameter related to kernel function (such as the kernel
width o in radial basis function, the constant ¢ in polynomial
kernel function, and the exponential function d). Previous
methods of parameter selection mainly rely on subjective
experience and grid search, so it is difficult to find the best
parameters [25,26]. In recent years, scholars use the heuristic
intelligent search algorithm with global optimization ability
to select parameters of SVM and get good results. Therefore,
the firefly algorithm is used to obtain the optimal parameters
of the SVM model in this paper.

3.2.1. Introduction of Firefly Algorithm. Suppose n fireflies
are randomly and evenly distributed in the solution space
and each firefly is given a unique initial brightness value. The
function value of the firefly’s position will determine the
brightness of the firefly. The relationship between the po-
sition and the brightness of the firefly is the better the
position, the higher the brightness. Each firefly has its own
dynamic decision domain r’;j, in which the firefly moves
towards the brighter firefly, forming a domain set. Then, the
position, brightness, and decision domain of the firefly are
updated [27]. The main phases of the firefly algorithm are as
follows:

(1) The updating phrase of the dynamic decision
domain:

r; (t+1) = min{rs, maX{O, rfi (1) +ﬁ(nt —|Nt(t)|)}},
(17)

where 7/, (t + 1) is the £ + 1 generation decision range
of the t generation firefly ; r is the perception range
of the firefly; n, is the domain threshold which can
control the number of fireflies;  is the constant



related to the decision domain; N, (¢) is the number
of fireflies within the radius of ;.

(2) The updating phrase of position:

In this phase, each firefly first selects the firefly whose
brightness is higher than itself within the range of its
decision domain to form the domain set. The for-
mula is

N(©) ={js Jx; 0 - % 0] <riu b0 <10}, (18)

where ||x i (t) — x; (t)| is the Euclidean distance between
two fireflies; x;(t)is the firefly position; ; (¢) is the
fluorescein value of the ¢ iteration.

The formula of the moving probability is as follows:
L)1, ()
Yken, e (8) =1 (£

Pij (t) = (19)

where p;; is the probability of firefly i moving to firefly j.

After the composition of the domain set, the position is
updated according to the following formula:

X (E+1) = x,(6) + S[M} (20)
oo 0]

(3) The updating phrase of updating fluorescein value:
(1) = (1= pli(t=1)+y] (x; (1)), (21)

where J; (t) represents the fluorescein value of the firefly
i of the t generation; p is the vanishing rate; y is the
parameter to measure the fitness function value;
J (x; (1)) is the fitness function value.

The main steps of the firefly algorithm are as follows:

(1) Random initialization of firefliesi (i = 1,2, ...,n)

(2) Calculating the function value J(x;(t)) corre-
sponding to the position x; (¢) of the firefly i in the ¢
generation and the fluorescein value /;(¢) of the
current firefly by formula (20), so as to update the
fluorescein value of the firefly

(3) Each firefly looks for the individuals with higher
fluorescein value in its dynamic decision domain
radiusr’, and forms the domain set N, (t) together
with the higher fluorescein value

(4) Getting the moving probability p;; (f)of firefly i into
the domain set by formula (18)

(5) Obtaining the moving position of firefly by formula
17)

(6) Updating the radius of dynamic decision domain
by formula (16)

3.2.2. Optimization of SVM Model Parameters Based on
Firefly Algorithm. This paper adopts the firefly algorithm to
optimize the SVM model and then solves the problem of
“overlearning” and “underlearning” when the SVM model is
not the optimal parameter.
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The specific steps of the firefly algorithm to optimize
SVM model parameters are as follows:

(1) Giving initial values to the parameters of each firefly,
and setting the initial position of the firefly with the
range of initial position parameters (C,; ~C, ..

O min ~ Omay) and the maximum number of iterations;

(2) Calculating brightness value as brightness update;

(3) Obtaining the domain set of each firefly and ran-
domly selecting the firefly i in the set as its moving
direction;

(4) Calculating the training value of SVM after position
update. If the training value of the updated SVM is
better than the previous one, the position will be
replaced, otherwise it will not change;

(5) Updating the dynamic decision domain;

(6) Calculating the above process in cycle. If the search
times reach its maximum, the cycle process will be
interrupted. The SVM will be trained according to

the optimal solution in the process until the end
condition is satisfied.

3.3. Example Analysis

(1) The thickness of each layer of semirigid base asphalt
concrete pavement is 18 mm, 32 mm, and oo, re-
spectively. Poisson’s ratio of each layer is 0.35, 0.30,
and 0.40. The number of transducers is d; ~ d;. The
position of each transducer is 0.0 mm, 304.8 mm,
609.6 mm, 914.4 mm, 1219.2mm, 1524.0mm, and
1828.8 mm, respectively.

In this paper, seven groups of different modulus
parameters are set up to test the correctness of the
inversion results. The corresponding deflection
values of each parameter combination are shown in
Table 2. The range of modulus parameters of each
layer is 1000-4000 MPa for surface course,
400-3000 MPa for base course, and 30-150 MPa for
subgrade. The modulus parameters of each layer are
substituted into the dynamic response calculation
program to obtain the corresponding pavement
deflection. These data form a sample pair, and thus
12 test samples and 100 learning samples are
obtained.

It can be seen from Figure 6 that the modulus of asphalt
concrete pavement surface course, base layer, and subgrade
obtained by this method is between the regression model al-
gorithm and the BP model algorithm. Furthermore, the in-
version results have good stability by this method. The three
methods are basically consistent with each other, which proves
that the method in this paper has high accuracy and completely
meets the practical engineering calculation requirements.

This paper adopts standard SVM in which the loss
function is an insensitive loss function and the kernel
function is a radial basis kernel function (RBF) [28].
Through the training of learning samples and test
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TABLE 2: Seven sets of deflection basin data.
Theoretical deflection (ym
Number Surface course (MPa) Base course (MPa) Subgrade (MPa) (um)
d1 d2 d3 d4 d5 de d7
1 1200 1400 60 329.63 225.14 18491 150.78 121.96 99.19 82.42
2 2330 1700 110 293.24 199.33 162.29 132.15 107.16 87.43 72.74
3 1550 2200 140 288.98 190.19 154.85 125.80 101.77 82.82 69.02
4 3600 1300 35 31847 232.88 192.81 159.02 130.09 106.65 88.16
5 2350 800 50 331.95 234.87 190.54 155.04 125.74 102.62 84.88
6 3200 1400 90 29492 204.57 166.33 13555 110.05 89.91 74.76
7 3800 1100 140 28691 195.02 155.67 12550 101.24 82.55 68.88
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FIGURE 6: Comparison of inversion results of different inversion methods.



samples, the optimal model parameters and the offset b
values of SVM corresponding to each deflection
transducer are obtained, as shown in Table 3.

After obtaining the optimal SVM model, the SVM
model instead of the numerical model combines with
the firefly algorithm to carry out the inversion. The
inversion results are shown in Table 4.

The results reveal that the average absolute value of
relative error of surface course modulus inversion
results is 0.97%, and the maximum value is of 2.16%.
The average absolute value of relative error absolute
value of the base course modulus inversion result is
0.82%, and the maximum value is of 2.31%. The
average absolute value of relative error absolute value
of the subgrade structure layer modulus prediction
result is 1.91%, and the maximum value is of 3.73%.
Based on the results, the SVM model has high in-
version efficiency and accuracy, which can fully meet
the practical engineering demands.

(2) In order to further verify the accuracy of the in-
version program, the inversion method proposed in
this paper is used to carry out the modulus inversion
of each structural layer of pavement with the mea-
sured deflection data [22]. The results are compared
with those of the two methods in [22]. The results are
presented in Table 5.

4. Correction of Modulus Inversion in Seasonal
Frozen Area

4.1. Temperature Correction of Inversion Surface Modulus in
Seasonal Frozen Area. For asphalt concrete pavement, the
asphalt mixture is a kind of temperature sensitive material.
Its strength, stiffness, and deformation resistance will change
with temperature. When the asphalt concrete pavement
temperature increases, the strength and stiffness of the as-
phalt mixture will decrease, causing the asphalt concrete
pavement to easily undergo high-temperature shear failure
under the vehicular load. When the asphalt concrete
pavement temperature decreases, the deformation capacity
of the asphalt mixture decreases, causing the asphalt con-
crete pavement to easily undergo low-temperature shrinkage
cracking. Pavement modulus which can reflect the strength
and stiffness of pavement is the main parameter of pavement
structure design. Therefore, the analysis of the relationship
between asphalt concrete pavement surface modulus and
temperature is of great significance to the evaluation of
pavement structure bearing capacity in the seasonal frozen
area.

In this paper, the temperature field model of Zhang is
selected as the research object [29]. The model is as follows.

Pavement temperature along the depth direction:
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Ty :T60+(TS—T60)x(axH3+b><H2+c><H+d)
x exp (eH),
(22)

where H is the distance between a certain point within the
asphalt concrete pavement and the surface; Ty is the tem-
perature at the depth of h; Ty, is the temperature at 60 cm of
subgrade; Ty is the asphalt concrete pavement temperature
or actual pavement temperature; a ~ e is the undetermined
regression coefficient.

According to the hot linear elastic layer system theory
and in consideration of the structural characteristics and
stress state of asphalt pavement, the following assumptions
are set:

(1) Each structural layer of the asphalt concrete pave-
ment is isotropic and homogeneous thermoelasticity
material

(2) Itis assumed that only the material parameters of the
surface course are affected by temperature and the
material parameters of the base course and subgrade
are regarded as constant

(3) The structural layers are completely continuous

Based on the above hypothesis analysis, the following
calculation examples are constructed for analysis: a three-
layer semirigid base pavement system in the seasonal frozen
area is selected, including 18 cm asphalt concrete surface
course and 32cm cement-stabilized macadam base and
subgrade. Poisson’s ratio of each layer in the asphalt concrete
pavement is, respectively, 0.35, 0.30, and 0.40 and the density
is 2400 kg/m’, 2300 kg/m’, and 1800 kg/m’.

The relationship between the inversion modulus of as-
phalt concrete pavement surface course and temperature can
be obtained by embedding the temperature field prediction
model into the inversion program. The calculation results
are shown in Figure 7 and Table 6.

The inverse modulus of asphalt pavement has a good
exponential relationship with the asphalt concrete pavement
temperature from Figure 7. The inverse modulus of the
surface course will decrease with the increase in temperature.
The correlation formula of E-T is obtained by regression
analysis:

E =2110e %7, (23)

The correlation coefficient R* between them is equal to
0.9896.

The temperature correction coefficient K is defined as the
ratio of the modulus E of asphalt pavement under T tem-
perature and the modulus Eg under standard temperature
Ts. Ts is taken as 20°C, that is,

E 2110 %% :
_ —e 0.033(T 20)) (24)

= E—s T 51100 003375
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TaBLE 3: Model training results.
Position (mm) 0 304.8 609.6 914.4 1219.2 1524.0 1828.8
C 2000 1870 1968 1580 1856 1920 1740
o 2.35 2.36 2.36 2.37 2.37 2.38 2.39
b 109.74 104.06 97.43 90.17 82.90 75.88 69.27
TaBLE 4: Modulus inversion results.
Number Structural layer Structural layer modulus (MPa) Inverse modulus (MPa) Inversion relative error (%)

Surface course 1200

1 Base course 1400
Subgrade 60

Surface course 2330

2 Base course 1700
Subgrade 110

Surface course 1550

3 Base course 2200
Subgrade 140

Surface course 3600

4 Base course 1300
Subgrade 35

Surface course 2350

5 Base course 800
Subgrade 50

Surface course 3200

6 Base course 1400
Subgrade 90

Surface course 3800

7 Base course 1100
Subgrade 140

1190 -0.83
1404 0.29
58 -2.77
2346 0.70
1702 0.14
106 -3.73
1533 -1.12
2229 1.30
140 -0.07
3618 0.49
1290 -0.79
34 -2.86
2401 2.16
819 2.31
50 0.00
3169 -0.98
1413 0.90
91 1.11
3819 0.49
1100 -0.01
144 2.86

TaBLE 5: Comparison of inversion results of different inversion methods.

Surface course modulus (MPa)

Regression

Base course modulus (MPa)

Regression

Subgrade modulus (MPa)

Regression

Number SVM model BP model SVM model BP model SVM model BP model

algorithm model algorithm  algorithm model algorithm  algorithm model algorithm
algorithm algorithm algorithm

1 2342 2198 2486 2599 2466 2732 147 155 138

2 4300 4177 4423 3850 3737 3962 136 130 141

3 5187 5225 5149 4495 4463 4526 222 210 234

4 3938 4003 3872 3819 3679 3957 150 156 144

5 3009 2916 3102 2157 2075 2239 178 185 170

6 2694 2638 2749 3159 3077 3241 154 146 161

7 3427 3481 3372 2629 2595 2663 131 138 124

where K is the correction coefficient of the inversion
modulus of the surface course and T is the expressed
temperature.

4.2. Humidity Correction of Inversion Subgrade Modulus in
Seasonal Frozen Area. Temperature in different seasons
fluctuates greatly in the seasonal frozen area. Water in the

subgrade turns into ice at the temperature below 0°C, which
changes the properties of subgrade structure materials as
well as the position and volume of soil particles. In contrast,
ice turns into water at the temperature above 0°C, which
causes the volume of soil particles to become smaller. Both
factors will result in repeated frost heaving and thawing
settlement deformation of pavement. Therefore, considering
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Ficure 7: Correlation between inversion modulus of asphalt
surface course and temperature.

TaBLE 6: Correlating data of pavement temperature and inversion
modulus of surface course.

Temperature ("C) Inverse modulus (MPa)

-20.1 4059
-16.2 3585
-13.6 3299
-10.2 2964
-7.2 2697
-39 2441
-1.2 2186
0.5 2002
1.4 1873
3.7 1816
7.3 1641
10.4 1544
13.5 1481
15.5 1419
17.4 1209
19.6 1200
22.6 939
25.7 8299
27.6 837
30.5 743

the influence of subgrade water content on subgrade
modulus inversion is of great significance to evaluate the
performance of the asphalt concrete pavement structure
layer in the seasonal frozen area.

The following basic assumptions are made to calculate
the humidity field:

(1) The asphalt concrete pavement is simplified as a
multilayer elastic system, assuming that the layers are
continuous and compact and the materials of each
layer are homogeneous and isotropic

(2) The moisture transmission only occurs on the cross-
section of the asphalt concrete pavement

(3) The moisture change of the subgrade is only related
to the initial water content and groundwater without
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regard to the external moisture movement among
the structures

(4) The moisture movement is carried out in the sub-
grade regardless of moisture migration in other
structural layers

The humidity field of subgrade with the above as-
sumption can be described by the following humidity field
equation with phase transition:

ow 0 ow 9] ow
E—a[Dx(l‘U)a]+$[Dy(lU)$_Ky(w) t>0)

(25)

where w is the water content; K (w) is the hydraulic con-
ductivity; D (w) is the diffusivity.

The final moisture content of any point in the seasonal
frozen area is calculated as follows: suppose that the phase
change interface reaches here at time fj, and its water
content is w(ty,x,y); when the phase change interface de-
velops downward at time #;, the final water content of this
point is

w(x,y) = w(te, % y) + (t; —t,)

(26)
ow ow

The hydraulic conductivity K (w) is related to dry density
r4 and saturation G as follows:

2.7 — 14.79
K(w,ry) = 0.046<7rd) G, (27)
1.44
The diffusivity D (w) is related to dry density r; and
saturation G as follows:

27 11.44
D(w,ry) = 10.28<T4r"’> G, (28)

The correlation between subgrade modulus and hu-
midity can be obtained by embedding the model into the
inversion program. The calculation results are shown in
Figure 8 and Table 7.

Figure 8 shows that the inversion modulus of subgrade
decreases with the increase of water content, which is an
exponential relationship. The correlation formula of in-
version modulus of subgrade and water content is obtained
from regression analysis as follows:

E = 215.97¢ 0%, (29)

The correlation coefficient R* between them is equal to
0.9833.

The humidity correction coefficient K, is defined as the
ratio between the modulus E of subgrade with water content
w and the modulus Eg under the condition of optimal water
content wg. The optimal water content wyg is 16%, that is,

E  215.97¢ %%

E;, 215.97¢ 00w

E=

e—0.049 (w— 16), (30)
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FiGURE 8: Correlation between inversion modulus of subgrade and
humidity.

TasLE 7: Subgrade humidity and inversion modulus data.

Humidity (%) Inverse modulus (MPa)

26.70 59
27.60 57
27.40 57
26.30 60
28.50 55
21.20 72
17.50 87
18.20 84
11.50 127
10.10 143
14.50 103
25.90 61

where K is the correction coefficient of inversion modulus
of subgrade and w is the water content.

5. Conclusion

In this paper, in view of the existing problems in the in-
version of the asphalt concrete pavement structure layer
modulus, the support vector machine model is introduced
into the asphalt concrete pavement modulus inverse analysis
to study the influences of the temperature and humidity in
the seasonal frozen area on the inversion modulus. The
research conclusions are as follows:

(1) After inversion by using the support vector machine
model optimized by the firefly algorithm, the average
of relative error absolute value of the pavement
structural layer modulus is within 2% and the
maximum value is within 4%, which meets the ac-
curacy requirements.

(2) Considering the influence of temperature and hu-
midity on the inversion modulus, the inversion
modulus of pavement surface layer will decrease with
the increase of temperature, and the inversion
modulus of subgrade will decrease with the increase
of water content.
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(3) According to the inversion results, the modified
formulas for the inversion modulus of the semirigid
base pavement surface layer and subgrade varying

with temperature and humidity are established:
K:e70.033(T720) and KE2670.049(W716).
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In order to solve the problem of insufficient accuracy of early temperature field caused by the change of hydration rate under
different temperatures, the theoretical formula of finite element calculation based on temperature influence factor is put forward
and then the theory is tested. On this basis of this theory, the early temperature field of a RCC dam is numerically simulated and
the variation law of concrete hydration rate under different temperatures is studied. The numerical simulation results are
compared with the results without considering the temperature effect and the measured temperature data. The results show that
the theoretical results are in agreement with the measured temperature data, and the accuracy and applicability of the theoretical

formula are proved.

1. Introduction

Due to great temperature difference, the temperature
stresses are caused by heat of hydration of cement which
leads to temperature cracks during mass concrete con-
struction processing. Temperature cracks seriously affect
the durability of concrete structures and reduce the ser-
vice life of the project [1-3]. Cement hydration of mass
concrete produces vast quantities of heat. However,
concrete as a poor conductor of heat leads to its slow heat
dissipation and high internal temperature. The heat of
hydration generation rate of cement varies with different
temperatures, and in the first 2 days, the heat of hydration
of cement is 40-80% of the total heat [4, 5]. Therefore, it is
more significant to simulate accurately the early-age
temperature field of mass concrete considering temper-
ature effect.

Considering the temperature influence on the mass
temperature field, Saul [6] and Rastrup [7] firstly proposed
the concept of equivalent age. Based on the concept of
equivalent age, the domestic and foreign scholars have
carried out a lot of research. For example, the Jin et al. [8]
calculated equivalent age based on the equivalent quantity of

cement and determined the concrete temperature field
equation; Zhang et al. [9]. studied the influence of equivalent
age on the adiabatic temperature rise of concrete; Schindler
[10] studied the temperature effect on hydration heat of
concrete based on equivalent age; Schutter [11] studied the
heat of hydration from concrete based on the degree of
hydration, which is consistent with the concept of equivalent
age. Dong and Li [12] considered the chemical reaction rate
of cement at different curing temperatures and deduced the
hydration-heat released model of cement based on equiv-
alent age. In order to directly reflect the change of hydration
rate during the actual age, Zhang et al. [4]. proposed the
temperature influence factor to accurately simulate the
temperature field of PCCP (Prestressed Concrete Cylinder
Pipe) on the high temperature curing stage. On this basis,
this study presents a finite element theoretical formula based
on the temperature influence factor and studies the early-age
temperature field variation law of mass concrete considering
the influence of temperature. Furthermore, compared with
the measured temperature data, the theoretical formula is
verified to be the correction and a basis for accurately
simulating the temperature field of mass concrete is
provided.
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2. Hydration Rate Based on Temperature
Influence Factor

2.1. Temperature Influence Factor. Arrhenius proposed the
empirical formula for the rate of chemical reactions [13-18]:

v = Ae” (E/RD. (1)

where A is the pre-exponential factor and E,, is the reaction
activation energy; Ordinary Portland cement E, is 33500/
(J-mol™), atmospheric constant R=8.314 (J-mol™); T is
temperature (k).

Integral expression of equation (1) is shown as

1n<&) _ E<i _i). 2)
v, R\T, T,

Making temperature influence factor ¢ = (v;/v,), cr s
the temperature influence factor at time 7, which is the ratio
of the reaction rate corresponding to the temperature at time
i to the reaction rate at reference temperature. Formula (3) of
temperature influence factor is obtained:

oy = e (Bal®) (VT)-1IT). -

where T, is the reference temperature and T; is the concrete
temperature at a certain moment i.

2.2. The Equation of Hydration Rate Based on the Temperature
Influence Factor. Assuming any point coordinate (x, y,z) in
the concrete, the heat conduction equation of the transient
temperature field [18] is shown as

oT A(aZT T azT)+dQ(t)

o ~Now "oy o)

(4)
where c is the specific heat capacity; p is the density; T'is the
temperature; and t is the actual age.

In the temperature field simulation of mass concrete, the
temperature influence factor ¢; is introduced to the heat
conduction equation (4) considering the temperature effect.
The modified formula is shown as

or (9T T T dQy,
St =t |*tr .
ox~ 0y oz dt

(5)

The heat conduction equation (5) is to consider the
temperature effect in transient temperature field, and the
innovation is the introduction of temperature influence
factorcy.

Concrete hydration heat is generated and produced, in
essence, by the compounds of cement hydration reaction
with water hydration heat. Cement hydration heat is not
tully released in the hardening process, but gradually re-
leased as time [19-22]. The hydration heat of cement
changes with time:

Q= Qu(1-¢"), (6)

where t is the actual age; Q. is the final hydration
heatt — 00; and m and n are the constant coefficients.
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The hydration rate equation considering the temperature
effect for any element in the finite element model at time ¢, is
shown as

d "
qT(t[) = 3t(t) _ e(Ea/R)((l/T,)—l/T,.) t:l—lemti mnQ,,.  (7)
In formula (7), the temperature influence item is

e B/RT)-VT)  namely, the temperature influence factor

cr. If T,=20°C, when T;>20°C, ¢y >1; when T;<20°C,
0<cp <L The age effect term is l‘i(”_1 ; moreover, this item
declines with the increase of age and changes in (0, 1).
When the initial time (t=1d) and pouring temperature
is Ty, the initial hydration heat rate value is g, . If the initial
value of the hydration heat rate is known, the temperature T;
at a certain unit time #; can be obtained by program language
programming. Thus, the temperature influence factor ¢ at
time #; can be obtained from the heat conduction equation
(3). The temperature field of mass concrete affected by
temperature is calculated by the heat conduction equation

(5).
3. Verify the Theory

In order to study the temperature field variation law of mass
concrete under the influence of different temperature, the
concrete finite element model of 1m thickness, 5 m long, and
5 m wide is used to verify the theory. The temperature field of
the center point in the model is studied under the different
ambient temperatures. Three calculation conditions: the 1st
condition is cold environment, 5°C ambient temperature
and 10°C pouring temperature; the 2nd condition is high
temperature environment, 35°C ambient temperature and
10°C pouring temperature; the 3rd condition is high tem-
perature environment, 40°C ambient temperature and 20°C
pouring temperature. Under the different conditions,
comparison analysis of temperature field in the center point
M considering and not considering the temperature effect is
studied. The results are shown in Figure 1.
In Figure 1, we can see that

(1) In the 1st condition, the slope of the point on L,
curve is obviously smaller than that of curve Lo,
after considering temp-effect. Temperature change
rate decreases and the peak temperature is de-
creased from 20.4°C to 17.2°C. After reaching the
peak temperature on the 10th day, the slope dif-
ference between the curve L; and L, becomes
weaker and weaker gradually. The reason is that
the temperature influence factor ¢; <1 and the
heat of hydration rate are lower than that of
without considering. It leads to the decrease of the
temperature change rate and the temperature field
changes obviously. With the increase of age, the
age effect term ¢/ 1e™ is gradually reduced to zero.
Thus, the temperature change rate is getting
smaller and smaller.

(2) In the 2nd condition, when the temperature is be-
tween 10 - 20°C, the slope of L, curve is smaller than
curve Ly, the temperature change rate decreases.
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FiGuUre 1: The temperature process curve of point M.

When the temperature is higher than 20°C, the slope
of the point on the L, curve is obviously larger than
that of Ly, and the peak temperature increases from
36.8°C to 39.5°C. After reaching the peak tempera-
ture on the 50th day, the slope difference between the
curve L, and Ly, becomes weaker and weaker
gradually. The reason is that the temperature in-
fluence factor ¢; > 1 and the heat of hydration rate is
higher than that of without considering temperature
influence. It leads to the increase of the temperature
change rate and the temperature field changes ob-
viously. With the increase of age, the age effect term
tf’lem’? is gradually reduced to zero. Thus, the
temperature change rate is getting smaller and
smaller.

(3) In the 3rd condition, the slope of curve L; is obvi-

ously larger than Ly; in early age. The temperature
change rate increases, and the peak temperature
increases from 42.3°C to 51.9°C. When after reaching
the peak temperature on the 35th day, the slope
difference between the curves L; and Ly; becomes
weaker and weaker gradually. After considering the
temperature effect, the temperature difference be-
tween inside and outside increases from 2.3°C to
11.9°C.

(4) The temperature effect is weakened with the increase

of age. In order to save the finite element calculation
time, the temperature effect is taken into consider-
ation only in early age, which is within two months
after pouring concrete. Because after two months,
the both temperature changes tend to be consistent.
Beyond the time, the temperature effect is not
considered. Considering the influence of tempera-
ture, the higher the temperature, the faster the hy-
dration rate and the more obvious the change of
temperature. It is more unfavorable to the concrete
temperature control during the construction period,
and vice versa.

The calculation results under the different conditions are
shown in Table 1. In Table 1, it can be seen that, in high-
temperature areas, the temperature difference has increased
by five times after considering the temperature influence
factors; however, in cold areas, the temperature difference
does not change significantly. For the mass concrete engi-
neering in the high temperature region and the high tem-
perature curing, it is necessary to consider the temperature
effect especially in the early temperature field simulation,
which can improve the simulation accuracy of the tem-
perature field and better construction temperature control.

4. Engineering Example

4.1. Engineering Overviews. One full section RCC gravity
dam is divided into 22 sections. Building surface elevation is
73.0 m, and the crest width is 7 m. The thickness of the roller
compacted layer is 30 cm. The interval layer thickness is 2 m,
and the interval time is 5-7 days. The typical dam section No.
6 is used for finite element calculation. The length of the dam
section is 20 m, and the dam height is 38.5 m. The element
type of finite element analysis is solid70. The finite element
model has a total of 60102 nodes and 50240 elements, and
the finite element model is shown in Figure 2.

4.2. Material Parameters and Hydration Heat Calculation

(1) Material parameters and cement compositions:
material parameters and cement components used in
the finite element calculation for the RCC dam are
shown in Tables 2 and 3, respectively.

(2) mand n parameters: Borg analyzed a large number of
cement hydration heat test data, using the least
squares method to obtain the empirical formula of
multiple regression hydration heat [14, 15]:

Q(t)=A,xP,+B,xP,+C,xP.+D,xP,. (8)

In formula (8), Q(, is cement hydration heat on the age
of t, kJ/kg; P,, Py, P, and P, are C;S, C,S, C;A, and C,AF
percent content, respectively; A, B, C, and D, corre-
sponding to unit mass CsS, C,S, C3A, and C,AF hydration
heat value in t-age, kJ/kg.

The heating quantity of various hydration substances in
cement clinker at different ages at 20°C is shown in Table 4
[18-20].

The empirical formula for the hydration heat of mixed
cement with admixture [20-24]:

Qp =Qy(1-kp), 9)

where Q, is the hydration heat of the cement mixed with
admixture; Qg is the hydration heat of the cement without
admixture; p is the percentage of the admixture; the max-
imum value of p is 60%; and k is empirical coefficient 0.55.
When the content of admixture is greater than 60%, the
empirical coefficient k value is 0.5.
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TaBLE 1: The calculation results under different conditions.

Peak temperature (°C) Temperature difference (°C)

Condition number Ambient temperature (°C) Pouring temperature ("C)

Without C Considering C; Without C; Considering Cr

1 5 10
35 10
3 40 20

20.4 17.2 15.4 12.3
36.8 39.5 1.8 4.5
42.3 51.9 2.3 11.9
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FiGure 2: Finite element model.

TABLE 2: Material parameters.

. . 3, Specific heat capacity . Poisson Linear expansion coefficient
Material Density (kg/m”) (/kg-K) Thermal conductivity W/(m-K) ratio 1075 (m/K)
Normal 2 450 950 1.80 0.166 5.85
concrete
RCCII 2 350 950 1.85 0.166 5.85
RCCIII 2 350 950 1.85 0.166 6.75
Bed rock 2 550 780 1.66 0.235 7.10
different ages. The fitting results of m and » coefficients are
TaBLE 3: Cement components (%). shown in Table 5.
Si0, ALO; Fe,0; CaO MgO SO; CiS C,S CsA C,AF

2094 559 524 6346 2.88 1.8 51.22 21.43 5.77 16.77

TaBLE 4: Heat of hydration substances.

Hydration Heat of hydration (kJ/kg)
substances 3d  7d 28d 90d 360d Q
C,S 2429 221.8 376.7 435.5 489.8 510.1
C,S 50.3 41.8 104.6 1758 226.2 247.0
C3A 887.7 1557.4 1377.4 1302.2 1168.2 1355
CLAF 288.8 494.1 4941 4104 3769 427.0

According to different cement mineral compositions and
fly ash contents, the heat of hydration value can be calculated
in different ages of the project through formulas (8) and (9).
And the heat of hydration formula was fitted with the double
exponential formula (6) by the hydration heat value of

4.3. Temperature Field Simulation. The ambient temperature
of the engineering site varies with time according to the
cosine curve of T=14.8-13.3cos [3.14 (t—1.1)/6] [24-26]. The
mean annual temperature is 14.8°C. Roller-compacted
concrete dam is compacted layer by layer, and each layer
pouring temperature and time are different. The dam’s
temperature field is simulated using new heat conduction
equation (formula (5)). Because the influence of temperature
effect is obvious only in the early age, in order to save the
calculation time, the calculation example only takes into
account the influence of temperature in 30 days. Point T is
chosen to study the temperature field of the RCC dam on the
early age. The position of T is at the 82.5m elevation and
shown in Figure 1. The temperature history curve and the
monitoring temperature data of position T; are shown in
Figure 3.
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5
TaBLE 5: Hydration heat of concrete.
Heat of hydration (kJ/k
Type Fly ash content (%) y (kiike) m n R?
3d 7d 28d 90d 360d Qu
Normal concrete 0 234.8 295.3 377.8 404.6 430.0 464.0 0.54 0.3 0.98
RCCII 50 176.1 214.1 273.9 293.3 311.8 336.4 0.57 0.3 0.98
RCCIII 68 155.0 194.9 249.3 267.0 283.8 306.2 0.54 0.3 0.98
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FIGURE 3: Temperature history curve of position T;.
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FIGURE 4: Temperature history curve of position T; and position T.

In Figure 3, it can be seen that (1) the pouring tem-
perature is 18°C, and the heating rate is slower at the be-
ginning of a few days after considering the influence of
temperature. When the temperature is higher than 20°C, the
heating rate becomes faster. Maximum temperature

increased by 1.2°C. (2) The monitoring data is more con-
sistent with the finite element calculation result considering
the temperature effect, which shows that the numerical
simulation results are more accurate after considering the
temperature effect. (3) The ambient temperature is closer to



the reference temperature of 20°C; thus, the temperature
range of change is small.

It is assumed that the RCC dam is constructed in a high
temperature region with an average temperature of 28°C and
the ambient temperature varies with time according to the
cosine curve T = 28 + 10.8 cos[3.14 (t — 66.8)/6]. The posi-
tion of point T; and point T, is at 82.5m and 90.5m ele-
vation, respectively, as shown in Figure 1. The temperature
history curves of point T; and point T, are shown in Figure 4.

In Figure 4, it can be seen that (1) concrete temperature
rising speed increases in high-temperature area after considering
temp-effect. Point T reached the peak temperature on 100th
day. The peak temperature increased from 36.3°C to 39.9°C, and
maximum temperature increased by 3.6°C. Point T, reached the
peak temperature on 110th day. The peak temperature increased
from 36.9°C to 43°C, and maximum temperature increased by
6.2°C. (2) When the ambient temperature drops sharply, the
larger temperature difference will lead to higher thermal stress
and concrete temperature cracks. Therefore, better temperature
control is necessary during the summer construction period in
high-temperature areas such as pouring temperature control
and take concrete cooling measures.

5. Conclusions

The heat conduction equation and the finite element theory
formula based on the temperature influence factor are
proposed. The theory is verified and the variation law of
temperature field is analyzed. The temperature field of the
RCC dam is simulated by an engineering example. The finite
element simulation results are in agreement with the
measured temperature data after considering the tempera-
ture effect, which proves that the theory formula is correct.

Temperature has a great influence on the early tem-
perature field. In order to save the finite element calculation
time, the temperature effect is considered only in one to two
months after the pouring time.

Especially in the high-temperature region, early ages’ ac-
curate simulation of mass concrete temperature field, adopting
the reasonable temperature control measures, control right into
the molding temperature, and break and intermittent layer
thickness is important, such as the choice of which can effec-
tively guide the engineering construction rapidly.
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In the present study, SiO, particles were coated on the surface of carbon fibers by means of chemical reaction of silane coupling
agent (glycidoxypropyl trimethoxysilane, GPTMS) and colloidal SiO, sol to improve the interfacial bonding force between fibers
and matrix in cement matrix. The surface of the modified carbon fibers was confirmed through a scanning electron microscope
(SEM). The mechanical properties of SiO,-coated carbon fiber mortar and uncoated carbon fiber mortar with different fiber
lengths (6 mm and 12mm) and fiber volume fractions (0.5%, 1.0%, 1.5%, and 2.0%) were compared and analyzed. The ex-
perimental results show that the flow values of the carbon fiber mortar were greatly disadvantageous in terms of fluidity due to the
nonhydrophilicity of fibers and fiber balls, and the unit weight decreased significantly as the fiber volume fractions increased.
However, the air content increased more or less. In addition, regardless of whether the fibers were coated, the compressive
strength of carbon fiber-reinforced mortar (CFRM) composite specimens tended to gradually decrease as the fiber volume
fractions increased. On the other hand, in case of the SiO,-coated CFRM composite specimens, the flexural strength was
significantly increased compared to uncoated CFRM composite specimens and plain mortar specimens, and the highest flexural
strength was obtained at 12 mm and 1.5%, particularly. It can be seen that the new carbon fiber surface modification method
employed in this study was very effective in enhancing the flexural strength as cement-reinforcing materials.

1. Introduction

Fiber-reinforced cement composites (FRCCs) are manu-
factured by incorporating short fibers, which can suppress
the opening and propagation of cracks due to the bridging
action of fibers. It not only increases ductility in tension and
compression but also provides improved safety performance
for dynamic load, impact-explosion, etc. [1-6]. Currently,

the main reinforcing materials of fiber-reinforced cement-
based composite materials are steel fiber, polypropylene
fiber, polyvinyl alcohol (PVA) fiber, carbon fiber, glass fiber,
basalt fiber, and cellulose fiber [7-10].

Figure 1 shows the roles of fibers embedded in cement
matrix: (a) cracking occurs in cement matrix, (b) cracking is
suppressed due to the increased bond between fibers and
matrix, (c) the phenomenon of “strain-softening” or “strain-
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F1GURE 1: The roles of fiber embedded in cement matrix: (a) matrix
cracking, (b) fiber/matrix debonding, (c) fiber bridging, (d) fiber
pull-out, and (e) fiber failure.

hardening” by suppressing crack propagation owing to
bridging action between fibers and matrix is shown after
cracking in cement matrix, (d) fibers are pulled-out from
cement matrix, and (e) the performance of FRCC is de-
graded by fiber failure. As seen above, it has been reported
that the mechanical performance of cement-based com-
posites can be improved by effectively preventing the
propagation of cracks by stress through bonding between
fibers and matrix as well as by controlling crack propagation
by means of fiber bridging, fiber debonding, fiber pull-out,
fiber failure, etc. [11-16]. Moreover, it is noted that the bond
performance between fibers and matrix is very closely re-
lated to the performance of FRCC and that the material and
surface shape of fibers, matrix strength, etc. play a vastly
important role in the interfacial bonding force between fi-
bers and matrix [17, 18]. Such interfacial properties of fibers
are directly connected with effective improvement of the
flexural performance (flexural strength or toughness) of the
cement-based composites and exercise a substantial influ-
ence on the flexural and tensile fracture behaviors of FRCC
[1, 6, 19, 20].

Recently, carbon fiber (CF) has been drawing wide at-
tention in industries such as ships, automobiles, civil en-
gineering, and construction as well as aerospace due to its
lightweight and high mechanical properties [21, 22]. It was
once already reported that carbon fiber is very effective in
improving the flexural, tensile, and shear strengths when
used as cement-reinforcing materials, owing to its high
physical properties and chemical stabilities [23-26]. How-
ever, when carbon fiber is applied as a construction material,
there are some problems to consider despite the excellent
mechanical properties it will provide. The carbon fiber, when
used cement-reinforcing materials, has an effect of im-
proving the mechanical performance by being uniformly
dispersed in cement matrix and inducing bond between
fibers and matrix. In particular, a decrease in compressive,
flexural, and shear strengths may rather result if carbon fiber
is not fully adhered to the cement matrix [27-29]. Therefore,
the interfacial bonding force between fibers and matrix is so
important that lots of studies on CFRM composites have
been conducted and advanced worldwide. To improve the
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interfacial bonding force between fibers and matrix, sizing
treatment of carbon fibers is performed in this regard.

Although FRCC has been reviewed in the previous
domestic and foreign studies, research studies to manu-
facture the carbon fiber with improved bond performance
and developments to improve the mechanical performance
of CFRM composites are still more or less insufficient
[30, 31]. In Korea, the research data which specifically
reviewed the bond properties between the carbon fiber and
cement matrix are very limited [32]. In fact, there is a need to
develop a method to improve the interfacial bonding force
by coating the surface of carbon fiber with SiO,, inducing by
this reaction with limestone or Ca(OH), in cement matrix
and eventually increasing calcium silicate hydrate (C-S-H)
gel.

Therefore, the main objective of this study is to develop
CFRM composites that can improve the bond performance
of carbon fiber and ultimately enhance the mechanical
performance of mortar. This study provides a method for
producing carbon fiber coated with SiO, in order to improve
the interfacial bonding force between fibers and matrix in
cement matrix, and the mechanical properties of SiO,-
coated CFRM composites and uncoated CFRM composites
with different fiber lengths (6 mm and 12mm) and fiber
volume fractions (0.5%, 1.0%, 1.5%, and 2.0%) are compared
and analyzed in this study. Then, after the strength test, the
fracture surface of the hardened CFRM composites was
observed by an SEM.

2. Materials and Methods

In this study, it was found from checking the mechanical
properties of SiO,-coated CFRM composites and uncoated
CFRM composites that the lengths of fibers were 6 mm and
12mm, and the fiber volume fractions varied from 0.5 to
2.0% by 0.5%. This was compared and reviewed with plain
mortar. The flow, air content, and unit weight were mea-
sured in the fresh mortar state, while the compressive and
flexural strengths were measured in the hardened mortar
state. Besides, the surface of the carbon fiber was observed by
SEM imaging.

2.1. Materials

2.1.1. Cement. The cement used in this study is Ordinary
Portland Cement (OPC) produced by S Co., Ltd., with a
specific gravity of 3.13 and a powder density of 3,860 cm®/g.
The chemical composites of cement are shown in Table 1.

2.1.2. Fine Aggregate. The standard sand produced by
Jumunjin was used as fine aggregate to make uniform
mortar. The specific gravity of fine aggregate in the dry
saturated state of the surface was 2.65, and the physical
properties of fine aggregate are shown in Table 2.

2.1.3. Carbon Fiber. The high-strength carbon fiber based on
polyacrylonitrile (PAN) used in this study was manufactured
by T company in Japan, which has a tensile strength of
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TaBLE 1: Chemical composites of cement (%).

SiO, Al,O3 Fe, 03 CaO MgO Na,O K,O SO; F-CaO Ignition loss

21.47 6.21 3.70 59.24 2.08 0.13 1.08 2.48 0.57 2.87
TaBLE 2: Physical properties of fine aggregate.

Size (mm) Unit mass (kg/m3) Density (g/cm3) Fineness modulus (FM)

2< 1,490 2.65 2.78

4,900 MPa and an elastic modulus of 230 GPa. To secure a
uniform carbon fiber length, fibers were cut into the average
lengths of 6 mm and 12 mm prior to use. In order to secure
the length of the carbon fiber uniformly, it was cut from the
long fibers to 6mm and 12mm in average length. The
physical properties of carbon fiber are shown in Table 3.

2.1.4. Surface Modification of Carbon Fiber. In order to coat
the surface of carbon fiber with a sizing agent, the reagents
and materials used in this study are colloidal SiO, sol (ss-sol
30a, 30%, S-Chemtech Co., Ltd.) in which nano-SiO, par-
ticles having a size of 10nm are dispersed, and nitric acid
(HNO;, 60%, Samchun Chemical) was used as a catalyst.
GPTMS (99.9%, Sigma-Aldrich) was employed as a silane
coupling agent, EDA (99.9%, Sigma-Aldrich) as a hardener,
and ethanol (EtOH, 99.0%, Samchun Chemical) as a solvent,
respectively. The reagent was used as such without purifi-
cation and chemical treatment. SiO, sol was effective for
consistently synthesizing high-purity SiO, particles at low
temperatures. Based on the reinforcing mechanism of the
modified carbon fiber, the SiO, particles produced on the
surface of carbon fiber react with the hydration product
Ca(OH), in cement matrix, forming by thus a C-S-H gel which
could improve the interfacial bonding force between fibers and
matrix. After removing first all impurities attached to carbon
fiber using acetone, the carbon fiber was oxidized by im-
mersing it in a nitric acid solution for 24 hours to increase the
surface activity, and the oxidized carbon fiber was washed with
distilled water and dried in an oven at the temperature of
110°C. Then, the dried carbon fiber was dipped in the hy-
drophilic SiO,-coating solution synthesized through the above
process for 3 hours to adhere the SiO, particles to the surface of
the carbon fiber in order to surface-modify the carbon fiber
with hydrophilicity. Subsequent to being hardened in an oven
at 80°C for 1 hour, the carbon fiber was washed again with
distilled water and dried at 120°C for 2 hours in the final
process. Figure 2 shows the SiO,-coated carbon fiber and
uncoated carbon fiber used in this experiment.

2.2. Methods

2.2.1. Mix Proportions and Preparation of Specimens. The
mix proportions of mortar applied in this experiment are
shown in Table 4. The water-cement ratio (W/C) was kept
constant (equal to 0.5) for all mixtures according to the test
regulations of KS L ISO 679 [33], and the ratio (mass ratio)
of cement:standard sand:water=1:3:0.5 was fixed. At this

TaBLE 3: Physical properties and shapes of carbon fiber.

Tensile Elastic

Diameter Density Elongation
(um) (kg/m®) strength modulus (%)

H (MPa) (GPa)

7£2 1,800 4,900 230 2.1

FIGURE 2: Shapes of carbon fibers used in this experiment: (a) SiO,-
coated carbon fibers (6 mm and 12 mm) and (b) uncoated carbon
fibers (6 mm and 12 mm).

time, coarse aggregate was not used. That is, the amount of
each batch material in the mixing ratio corresponds to
450+2g of cement, 1,350+5g of sand, and 225+1g of
water. The target flow value was mixed to be more than
190mm or more. The amount of admixture added was
adjusted to 1.0% of the cement mass, and in case of plain
mortar, no particular admixture was added. The admixture
used to ease the fluidity of carbon fiber is light yellow liquid,
high-performance AE water reducing agent having a specific
gravity of 1.04 and pH 5.0 £ 1.5 in a series of polycarboxylic
acid manufactured by D Co., Ltd., in Korea. Figure 3 shows
the main experimental process and casting progress of each
step for manufacturing of CFRM composite specimens. As
for the mixing method, cement and fine aggregate were
added first and then mixed, dried for 90 seconds. In order to
secure dispersibility of fibers, carbon fibers were added and
mixed for 60 seconds. Then, the blended water and ad-
mixture were added and immediately mixed for 90 seconds.
Following the 30-second pause, the attached mortar was
removed and finally a mixer was operated again for further
60 seconds. The total mixing time was about 5 minutes. The
specimens were demolded after 24 hours and immersed in a
water tank with the temperature maintained at 20+2°C
constantly to perform underwater curing for 28 days of age.

2.2.2. Test of Flow and Unit Weight. In order to evaluate the
fluidity performance of mortar, a flow test was conducted
according to the test method of the “testing method for
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TABLE 4: Mix proportions of mortar.

Type of mortar W/C (%) C:S ratio

Fiber volume fractions (%, in vol)

Fiber lengths (mm) Content of SP (cement x 1.0%)

0.5
1.0
1.5
2.0
50 1:3 0.5
1.0
1.5
2.0

p —

CC

ucC

6, 12 1.0

CCis the SiO,-coated carbon fiber mortar, UC is the uncoated carbon fiber mortar, p is the plain mortar, C: S is the cement to fine aggregate ratio, and SP is

the superplasticzer

®

G

FIGURE 3: Main experimental process and casting progress of each step for manufacturing of CFRM composite specimens: (a) material
metering, (b) fiber mixing, (c) finish mixing, (d) compaction, (e) flow test, (f) unit weight test, (g) air content test, (h) finish of specimens, (i)

compressive test, and (j) flexural test.

compressive hydraulic cement mortar” in KS L 5105-2007
using the flow table specified in the “flow table for use in tests
of hydraulic cement” in KS L 5111-2017, and a unit weight
test was also performed according to the “standard test
method for unit weight and air content of fresh concrete” in
KS F 2409-2016.

2.2.3. Test of Air Content. Air content was measured using a
cylindrical vessel capable of securing 400 + 1 mL of water at
23°C, having a diameter of 76 + 1.5 mm and a depth of 88 mm
according to the test method specified in the “testing method
for air content of hydraulic cement mortar”in KS L 3136-2005:

182.7 + p)

2000 + 4p )

air content (%) = 100 — w(

where w is the mass (g) of 400 mL mortar and p is the
percentage of mixed water on the basis of cement.

2.2.4. Test of CFRM Composite Mechanical Properties.
The compressive and flexural strength test of mortar was
performed by preparing a mold according to the test method
of KS LISO 679 [33], and the strengths were all measured at

28 days of age. The cured cubic specimens of
40 x 40 x 160 mm were tested using a universal tester with a
capacity of 100kN (MTDI Co., Ltd., Korea, UT-100F). The
flexural strength test was carried out on the basis of a three-
point loading, and the specimen of 120 mm in length and
40 mm in height was loaded at a speed of 50 N/s. After the
flexural strength test, a compressive strength test was con-
ducted with a cut specimen. In the compressive strength test,
the load area was 1,600 mm?, and the speed was 2,400 N/s.

2.2.5. SEM Observation. SEM images were photographed to
confirm whether the SiO, particles were coated on the
surface of carbon fiber. The equipment used for analysis was
MIRA LMH high-resolution SEM model of TESCAN. Be-
sides, after the fibers obtained by pulverization of CFRM
composite specimens were dried and coated with platinum
in a vacuum state, it was observed whether the SiO, particles
remained still attached to the surface of carbon fiber.

3. Results and Discussion

3.1. Surface Topography of SiO,-Coated Carbon Fiber.
Figure 4 shows a photograph of the surface topography for
SiO,-coated carbon fiber measured by the SEM. Figure 4(a)
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(7 ym)

FIGURE 4: Surface topography of carbon fibers (20000 times): (a) uncoated carbon fiber, (b) nitric acid-treated carbon fiber, and (c) SiO,-

coated carbon fiber.

shows an uncoated carbon fiber, Figure 4(b) shows a carbon
fiber pretreated with nitric acid, and Figure 4(c) shows a
carbon fiber coated with SiO,, observed by the SEM, re-
spectively. The uncoated carbon fiber surface was neat and
smooth, with a diameter of approximately 7 ym as shown in
Figure 4(a). Compared to uncoated carbon fiber of
Figure 4(a), the carbon fiber pretreated with nitric acid in
Figure 4(b) has a string in the axial direction, increasing the
surface roughness of carbon fiber. The objective of the
pretreatment with nitric acid as shown in Figure 4(b) is to
intensify roughness and to increase the number of COOH or
-OH functional groups on the surface of carbon fibers by
means of oxidation reaction in order to make SiO, particles
easily attached to it. As shown in Figure 4(c), it can be seen
that, in case of SiO,-coated carbon fiber, particles of several
tens of nanometers in size are spread entirely and attached to
the surface of carbon fibers.

3.2. Properties of Fresh Mortar

3.2.1. Fluidity of Mortar. Figure 5 shows the test results of
flow values of SiO,-coated carbon fiber mortar and uncoated
carbon fiber mortar with different fiber lengths and fiber
volume fractions compared to plain mortar. The flow values
were calculated from the average values measured in four
directions, and the flow value for mixture of plain mortar was
192 mm, which satisfies more than the target flow value of
190 mm. On the other hand, the flow value for mixture of
SiO,-coated carbon fiber mortar was 114 to 160 mm, while
that of uncoated carbon fiber mortar was measured to be
103 ~146 mm. As shown in Figure 5, the variation in flow
value at the lengths of fibers (6 mm, 12 mm) was insignificant
but tended to decrease significantly as the fiber volume

fractions increased. When carbon fibers were mixed in the
ratio of 2.0% particularly, their flow was drastically reduced
and fluidity was very disadvantageous as far as fluidity of fire
balls and nonhydrophilicity of the fibers are concerned. These
results are due to the fiber balls caused by increase in the
viscosity of mortar and by partial absorption of the mixed
water during the mixing process, which is considered to show
a lower flow value than the plain mortar. Figure 6 shows
pictures that compare flows of SiO,-coated carbon fiber
mortar, uncoated carbon fiber mortar, and plain mortar,
respectively. The uncoated carbon fiber mortar was not
sufficiently mixed, and some fibers were exposed to the
surface. When the reinforced fibers are uniformly dispersed as
the flow value increases, it may be evaluated that the flow
value of a mortar increases accordingly. As a consequence, the
optimum dispersibility and workability could be obtained. In
dry mixing, fiber balls and maldistribution of fibers would
occur, and even in wet mixing, there was a tendency to make
smooth dispersibility difficult; entanglement between each
fiber could easily occur due to the increased amount of mixed
fibers, by thus affecting workability adversely.

3.2.2. Unit Weight of Mortar. Figure 7 shows the test results
of unit weight of SiO,-coated carbon fiber mortar and
uncoated carbon fiber mortar with different fiber lengths
and fiber volume fractions compared to plain mortar. As
shown in Figure 7, regardless of whether the fibers were
coated, variation in the unit weight was slight in fiber lengths
of 6mm and 12 mm but tended to decrease significantly as
the fiber volume fractions increased. Compared to plain
mortar, the unit weight was significantly reduced. This is due
to the difference in the density of cement and carbon fiber,
and it is thought that the unit weight is reduced due to the
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FIGURE 5: Flow test results with different fiber lengths and fiber volume fractions: (a) SiO,-coated carbon fiber and (b) uncoated carbon fiber.
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FIGURE 6: Flow test of mortar samples: (a) SiO,-coated carbon fiber mortar, (b) uncoated carbon fiber mortar, and (c) plain mortar.
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FIGURE 7: Unit weight test results with different fiber lengths and fiber volume fractions: (a) SiO,-coated carbon fiber and (b) uncoated

carbon fiber.

large amount of incorporated carbon fibers with a relatively
smaller density than cement. Regardless of whether the fi-
bers were coated or not, the unit weight of carbon fiber
mortar could be reduced by about 4~5% as fiber volume
fractions increased and by about 18 ~20% of plain mortar.

3.2.3. Air Content of Mortar. Figure 8 shows the test results
of air content of SiO,-coated carbon fiber mortar and un-
coated carbon fiber mortar with different fiber lengths and
fiber volume fractions compared to plain mortar. As shown in
Figure 8, regardless of whether the fibers were coated or not,
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FIGURE 8: Air content test results with fiber lengths and fiber volume fractions: (a) SiO,-coated carbon fiber and (b) uncoated carbon fiber.

variation in the air content was slight when the lengths of
fibers were 6 mm and 12 mm but tended to increase a little as
the fiber volume fractions increased. Compared to plain
mortar, air content increased for both. The test results esti-
mated that the effect on the air content in the case of carbon
fiber mortar was not so much, and the air content did not vary
significantly in line with the increasing rate of fiber mixture.

3.3. Properties of Hardened Mortar

3.3.1. Properties of the Compressive Strength. Figure 9 shows
the test results of the compressive strength of SiO,-coated
CFRM composite specimens and uncoated CFRM com-
posite specimens with different fiber lengths and fiber
volume fractions compared to plain mortar specimens. The
compressive strength of plain mortar specimens at 28 days of
age was measured to be 30.6 MPa in average. As shown in
Figure 9(a), the compressive strength was reduced compared
to plain mortar specimens, except for the CFRM composite
specimens with 0.5% of fibers and SiO,-coated carbon fiber.
Whether or not fibers were coated, the compressive strength
of the CFRM composite specimens showed an overall de-
crease in strength as the fiber volume fractions increased.
This is thought to be caused by the carbon fiber, and the
strength of which is lowered because the interfacial bonding
force between fibers and matrix in the mortar was weakened
after hardening due to the nonhydrophilic material on the
surface of carbon fibers. These results were also reported in
the previous studies [34, 35], which revealed that the dis-
persibility of fibers decreased and more agglomeration was
caused since the fiber volume fractions become higher from
a certain amount, which resulted in decrease of the com-
pressive strength. As the flow value decreased due to fiber
volume fractions, the quality of material that could affect the
compressive strength was uneven and, as a consequence, the
compressive strength decreased accordingly. Regardless of
whether the fibers were coated or not, the compressive

strength tended to decrease rapidly due to high fiber volume
fractions when fibers were mixed in the ratio of 1.5% and
2.0%. In the event fibers were mixed with 2.0%, particularly,
it was difficult to uniformly disperse the fibers in cement
matrix. Moreover, fiber balls occurred and the compressive
strength was rapidly reduced due to insufficient dispersion.
When the lengths of fibers are 6 mm and 12 mm, and they
are mixed at 0.5% and 1.0%, the compressive strength was
almost the same or slightly different, but when mixed at
2.0%, the compressive strength of fibers was reduced
drastically by approximately 29.7 ~ 55.3% more than plain
mortar specimens. Meanwhile, the use of 12 mm fibers was
seen to be more efficient than that of 6 mm ones. Therefore,
in case of the CFRM composite specimens, 0.5% and 1.0%
are considered to be the most appropriate fiber volume
fractions in terms of securing the compressive strength while
maintaining the maximum workability. Concerning the
tendency for the compressive strength to decrease rapidly
due to high fiber volume fractions, it is required to conduct
further studies to improve the strength.

3.3.2. Properties of the Flexural Strength. Figure 10 shows
the test results of the flexural strength of SiO,-coated CFRM
composite specimens and uncoated CFRM composite
specimens with different fiber lengths and fiber volume
fractions compared to plain mortar specimens. The flexural
strength of plain mortar specimens at 28 days of age was
measured to be 3.1 MPa in average. As shown in Figure 10,
the flexural strength of SiO,-coated CFRM composite
specimens demonstrated fairly higher value compared to the
plain mortar specimen in all types except for uncoated
CFRM composite specimens mixed with fibers of 6 mm
length and in the ratio of 0.5%. In particular, the SiO,-coated
CFRM composite specimens with fiber length of 12 mm and
mixture of 1.5% had the highest flexural strength of about
4.9 MPa. It was analyzed that the flexural strength increased
by 10.4% and 58.1%, respectively, compared to uncoated
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FIGURE 10: Relationships between flexural strengths of CFRM composite specimens with different fiber lengths and fiber volume fractions:

(a) SiO,-coated carbon fiber and (b) uncoated carbon fiber.

CFRM composite specimens and plain mortar specimens.
These results are judged to be because added fibers have a
bridging effect to prevent the growth of cracks and improve
the flexural strength through redistribution of stress. The
flexural strength improved until the fiber volume fractions
reached up to 1.5%, but the increasing effect would not be so
great if the fiber volume fractions were greater than that.
Actually, however, it was laid bare that the fibers with a
length of 6 mm and mixing ratio of 2.0% had the least
flexural strength because dispersibility and finishing per-
formance were not favorable due to the high fiber volume
fractions. Moreover, when the length of the fiber was 6 mm,

it could be confirmed that the flexural strength was lower
than that of 12 mm. This is thought to be due to the bridging
action between the fibers that could not be obtained suffi-
ciently because the length of the fibers was reduced by 50%
compared to the 12 mm fibers.

3.3.3. Relationship between the Compressive and Flexural
Strengths. Table 5 summarizes the test data results of the
compressive and flexural strengths of SiO,-coated CFRM
composite specimens, uncoated CFRM composite speci-
mens, and plain mortar specimens. For SiO,-coated CFRM
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TaBLE 5: Results of strength tests with different fiber lengths and fiber volume fractions.
Type of mortar Fiber volume fractions Fiber lengths Mortzi;/[;t;)e ngth fIf
(%, in vol) (mm) cJr
fe I
0.5 6 314 3.6 8.7
12 30.4 3.7 8.2
1.0 6 30.5 4.3 7.1
SiO,-coated carbon ’ 12 30.0 4.6 6.5
fiber (CFRM) s 6 27.1 45 6.0
’ 12 27.3 4.9 5.6
20 6 21.6 4.1 5.3
’ 12 23.6 4.3 5.5
05 6 29.6 3.2 9.3
12 28.6 34 8.4
1.0 6 28.5 3.9 7.3
Uncoated carbon ’ 12 28.0 4.2 6.7
fiber (CFRM) s 6 253 41 6.2
’ 12 24.8 4.5 5.5
20 6 19.7 3.7 5.3
12 20.7 3.9 5.2
Plain mortar — — 30.6 3.1 9.9

f. is the average of the compressive strength measured at 28 days, and f, is the average of the flexural strength measured at 28 days.

composite specimens at 28 days of age, the ratio of the
flexural strength to the compressive strength was within the
range of 1/5.3~1/8.7. On the other hand, the ratio of un-
coated CFRM composite specimens was shown to be in the
range of 1/5.2 to 1/9.3, indicating that the flexural strength
increased a little compared to the 1/9.9 level of the plain
mortar specimen. These results are assumed to be because
the mixed fibers prevented crack propagation due to the
bridging role and the flexural strength was improved
through redistribution of stress. Regardless of whether the
fibers were coated or not, the flexural strength was improved
when fibers were mixed up at 1.5%, but the increasing effect
was not so great when more fibers were mixed. In case of
uncoated CFRM composite specimens having a fiber length
of 6mm and a mixture of 2.0%, it can be seen that the
flexural strength was the lowest because of poor dispersion
and finishing performance caused by high mixing ratio.

3.3.4. Flexural Stress-Displacement Relationship Curves.
Figure 11 shows the flexural stress-displacement relationship
curves of a representative specimen based on a three-point
loading test. In case of plain mortar specimens, the flexural
stress increased linearly, and there was little displacement
after reaching the maximum stress due to rapid brittle
fracture at the same time as the flexural crack occurred. On
the other hand, the CFRM composite specimens showed a
behavior in which the stress decreased after arriving at the
maximum stress, displacement increased to a certain extent,
and then the descending slope fell down gradually, while
displacement increased. In case of uncoated CFRM com-
posite specimens, it can be seen that the displacement is
subject to stress up to 1.7 mm, and the displacement of SiO,-
coated CFRM composite specimens was found to resist up to
2.0 mm due to ductile properties. Therefore, the amount of
displacement increased in the flexural stress and the

Flexural stress (MPa)

1 1.5 2 2.5

Displacement (mm)

—— Plain morter
- -- Uncoated carbon fiber
--— SiO,-coated carbon fiber

F1GURE 11: Flexural stress-displacement relationship curves.

displacement curve was found to be the largest for SiO,-
coated CFRM composite specimens in the order of SiO,-
coated CFRM composite specimens >uncoated CFRM
composite specimens > plain mortar specimens.

3.4. SEM Observation. Figure 12 shows the microstructure
of the fiber surface observed by using SEM after the strength
test of SiO,-coated CFRM composite specimens and un-
coated CFRM composite specimens. In general, the bond
performance of reinforced fibers is affected by the interfacial
bonding force between fibers and cement matrix. Therefore,
to improve the interface bonding force between the fibers
and matrix in the cement composites, sizing treatment of
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FIGURE 12: SEM images of CFRM composite specimens after strength tests (5000 or 1000 times): (a) SiO,-coated carbon fiber and (b)

uncoated carbon fiber.

carbon fibers is performed. If the interfacial bonding force is
large, the bond performance is excellent, whereas the bond
performance is poor, if the interfacial bonding force is small.
It is reported that the thickness between fibers and cement
matrix interface is about 10 to 50 um, and this interface
thickness is known to affect strength and durability [36, 37].
Asrevealed in Figure 12(a), it can be seen that, in case of the
SiO,-coated CFRM composite specimens, large and small
C-S-H gels are uniformly distributed in a rough shape on the
surface of fibers, and almost no pores can be observed.
However, microcracks are shown to be occasionally oc-
curring, though. It is thus made clear that the interfacial
bonding force between fibers and matrix was improved
owing to formation and increase of the cement hydration
product. On the other hand, it was observed from
Figure 12(b) that the fiber surface of uncoated CFRM
composite specimens looked very clean and quite smooth
and that a number of pores were formed. This is because the
cement hydration product is difficult to crystallize and has a
low affinity, so the interfacial bonding force between fibers
and cement matrix is low. It appears therefore that fiber balls
have occurred. As such, the SiO,-coated CFRM composite
specimens showed better interfacial bonding force than the

uncoated CFRM composite specimens owing to the im-
proved interfacial bonding force between fibers and cement
matrix.

4. Conclusions

In the present study, carbon fibers coated with SiO, as
cement-reinforcing materials were manufactured, and the
mechanical properties of SiO,-coated CFRM composites
and uncoated CFRM composites with different fiber lengths
and fiber volume fractions were compared and analyzed. The
outcomes of the study may be summarized as follows:

(1) The target flow value of plain mortar was satisfactory,
but the flow values of SiO,-coated carbon fiber
mortar and uncoated carbon fiber mortar decreased
significantly as fiber volume fractions increased. In
this regard, there is a need for a means to insure
fluidity with increasing carbon fiber volume frac-
tions. In addition, compared to plain mortar, the unit
weight decreased by about 1820% as the fiber volume
fractions increased, while the air content increased a
little bit.
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(2) Regardless of whether the fibers were coated, the
compressive strength of CFRM composite specimens
decreased somewhat compared to plain mortar
specimens, and there was a strong tendency that the
more the fiber volume fractions increased, the more
the compressive strength decreased. In particular,
when the fiber length was 6 mm and mixed at 2.0%,
the compressive strength was significantly reduced.

(3) The flexural strength of SiO,-coated CFRM com-
posite specimens was higher than that of uncoated
CFRM composite specimens and plain mortar
specimens by 10.4% and 58.1%, respectively. Par-
ticularly, when the fiber length was 12mm and
mixed at 1.5 %, the highest flexural strength could be
obtained.

(4) The ratio of the flexural strength to the compressive
strength is approximately 1/5.3 ~1/8.7 and 1/5.2 ~1/
9.3 for SiO,-coated CFRM composite specimens and
uncoated CFRM composite specimens, respectively,
confirming that the flexural strength increased sig-
nificantly compared to the 1/9.9 level of plain mortar
specimens.

(5) The SEM observation result showed that, in case of
SiO,-coated CFRM composite specimens, a number
of crystals of the cement hydration product were
formed on the surface of the carbon fiber, which
pushed the interfacial bonding force higher than that
of the uncoated CFRM composite specimens.
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In this paper, the seismic behavior of fiber-reinforced polymer (FRP) strengthened and unstrengthened steel fiber-reinforced
high-strength concrete frame joints under low cyclic loading was tested. Then, the nonlinear finite element program was used
to simulate the seismic behavior of FRP strengthened and unstrengthened steel fiber-reinforced high-strength concrete frame
joints under low cyclic repeated load. The influence of FRP bond direction on the seismic behavior of steel fiber-reinforced
high-strength concrete frame joints was studied. Through the comparison of the test values and numerical simulation values
of the hysteretic curve, skeleton curve, energy dissipation capacity, displacement ductility, bearing capacity degradation,
stiffness degradation, and other performance indexes of frame joints, the rule was obtained. The results showed that the 45°
bonding direction of carbon fiber cloth is better than the 0° bonding direction, and the digital simulation results are in good
agreement with the test results. Therefore, the constitutive model, element, end constraint, and loading method used in the
finite element numerical simulation of this paper were reasonable, which can provide reference for the similar research in

the future.

1. Introduction

Frame joint is an important and key part of frame structure.
A node is not only the pivot of transferring and distributing
internal force but also plays an important role in the whole
structure without collapse. Once the frame joint is destroyed,
it is easy to cause the collapse of the whole structure. In the
high-strength concrete frame structure, although the high-
strength concrete can greatly improve the bearing capacity
of the concrete structure, it cannot significantly improve the
crack resistance and ductility of the concrete structure.
Many earthquake disasters at home and abroad show that,
under the action of earthquake, the joint area is still the most
vulnerable part of the high-strength concrete frame struc-
ture, and its damage often leads to the collapse of the whole
building structure [1]. Therefore, to improve the ductility of
joints and avoid joint failure is the goal of our seismic design
(2, 3].

The mechanical properties of concrete, such as tension,
bending, shear, and torsion, can be significantly improved by
adding fiber into concrete. Fiber can also significantly im-
prove the ductility, toughness, energy consumption, and
other deformation properties of concrete. Especially in the
high-strength concrete structure, the interface bonding
performance between the high-strength concrete and the
steel fiber is better, and the steel fiber distribution in the
high-strength concrete can play a more active role. There-
fore, adding steel fiber into high-strength concrete frame
joints is an effective measure to improve the mechanical
properties of frame joints, improve the reinforcement
crowding, and reduce the construction difficulty. Therefore,
adding steel fiber into the joints of high-strength concrete
frame should play a positive role in improving the seismic
performance of the joints [4, 5].

Although steel fiber can improve the ductility and stress
of high-strength reinforced concrete frame joints, steel
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fiber-reinforced high-strength concrete frame joints are still
unable to avoid damage in the midium and large earth-
quakes. After the earthquake, the steel fiber-reinforced high-
strength concrete frame joints still need to be strengthened
[6, 7]. Fiber-reinforced polymer (FRP) reinforcement
technology, as a newly developed reinforcement method
with high-performance materials, has attracted great at-
tention at home and abroad due to its advantages of con-
venient construction, high strength and efficiency, and good
durability [8, 9]. Therefore, this paper uses FRP to
strengthen the damaged steel fiber-reinforced high-strength
concrete frame joints. In this paper, the seismic behavior of
damaged SFRHC frame joints strengthened by FRP under
low cycle repeated load is studied by experiment and nu-
merical simulation. The influence of the FRP bonding di-
rection on the seismic behavior of frame joints is analyzed,
and some valuable conclusions are obtained.

2. The Experimental Conditions

2.1. Design of the Model. The frame joint model adopted the
side joint between the end column of the middle story and
the frame beam. The size and reinforcement drawing,
designed according to the Code for Design of Concrete
Structures (GB50010-2010), are shown in Figure 1 [10]. The
steel fiber used for experiment was ingot milling fiber
(AMI04-32-600) with the volume ratio of 1.0%, length di-
ameter ratio of 35~40, equivalent diameter of 0.94 mm,
tensile strength >700 MPa, and adulteration range of
125 mm and 50 mm, respectively, in the beam end and two
sides of the pillar end at the core area. The cement used was
42.5# high-strength Portland cement. The maximum par-
ticle size of the stone was 20 mm. The fineness modulus of
medium-coarse sand was 2.91, and the aggregate gradation
was fair. The concrete strength was C60. The water reducer
was a JKH-1 highly efficient powder water reducer (FDN)
with a reducing rate of 18%~25%.

The fiber-reinforced polymer used in this test was carbon
fiber-reinforced polymer (CFRP). The measured elastic
modulus of the CFRP sheet was 234 GPa, the tensile strength
was 2645.84 MPa, the thickness was 0.167 mm, and the
elongation was 1.08%. The measured mechanical properties
of reinforcement and concrete are shown in Tables 1 and 2.

2.2. Strengthening Scheme. The schematic diagram of the
frame joint strengthened by the carbon fiber sheet is shown
in Figure 2. Low cyclic loading was applied to simulate the
earthquake load that damages the model of steel fiber-
reinforced high-strength concrete frame joints. The FRP
sheet was used to reinforce the joint. The strengthening
scheme was shown in Table 3.

The cracks on the surface of the concrete are located, the
width is measured, and they are repaired. The small inde-
pendent chinks with the width <0.2 mm should be repaired
with a repair adhesive of good permeability and, then, sealed.
For large independent and penetrating cracks, the periphery
should be sealed first. Then, the high-strength repair ad-
hesive could be applied. For a dormant crack of a width
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>0.5mm, the method was to fill up the crack. First, a
U-shape groove is chiseled along the crack with a concrete
cutting disc. Then, the crack is cleaned with acetone, the
grout nipple is pasted, and the crack is filled up with a
sealant. Under the sustained compression made by the air
compressor, the structural repair adhesive was injected into
the cracks. The nooks of the beams were beveled by the
structural adhesive. The surface was burnished with the
sander when the adhesive was solidified.

Next, the damaged joints were reinforced by CFRP. The
concrete surface was polished until the tectorium was re-
moved and the smooth structure interface appears. Inten-
sively mixed fat material was, then, spread on the concrete
surface evenly with a brush, which should not be too thin.
The processed fiber sheet was pasted to the due position and
rolled with the special roller along the stress direction for
several times till the connection resin was extruded from the
fiber. By this, the bubble was squeezed out so that the fiber
sheet was pressed closely to the concrete surface. Then, the
impregnating resin was applied to the surface of the fiber
sheet. The process mentioned above was repeated to paste
more pieces of fiber sheet. The CFRP sheet, made by hand
and by impregnating the substrate with fiber, was home-
made CFRP.

2.3. Loading Scheme. The experiment applied a multi-
channel electrohydraulic servodynamic fatigue test system to
conduct low cyclic loading. The pillar end would endure
axial load from a 2000 kN oil jack fixed on the heavy frame.
First, the pillar top was put under the axial load from the oil
jack. When the axial compression ratio reaches the prede-
signed 0.3, it was kept unchanged during the experiment.
Then, low cyclic loading was applied by using the electro-
hydraulic servo actuator. The first two cycles load with
control force, of which the first cycle loads to 75% of the yield
load calculated value so as to simulate the stress condition in
normal occasions. Since the key part of the study lied in the
phase of plastic deformation, in the second cycle, the model
was loaded directly to the yielded state. Displacement
control was, then, used for loading. Staged loading was
adopted according to the multiple of the displacement of the
pillar end in the yielded state. At each displacement level,
recycling was performed twice until the maximum load
value of the nth cycle was lower than 85% of the highest load
value when the model was damaged.

3. Finite Element Analysis Model

3.1. Constitutive Structure Relation of Materials. The axial
compressive stress-strain curve of high-strength concrete
used the Code for Design of Concrete Structures (GB 50010-
2010) [10]. The tensile stress-strain relationship of high-
strength concrete is described as follows: upper period as line
and lower period as index. The elastic modulus before crack
was the same as that of the initial elastic modulus after crack,
and the concrete was considered as nonbrittle material. That
was to say, the concrete tensile strength of the crack did not
decline to zero immediately, but declined with the widening
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of the crack. For high-strength concrete, the parameter of
the calculation formula was from reference [11, 12].

At the yielding period, the reinforcement’s stress had a
small change, but strain increased dramatically, and the
stress-strain curve was a 0.01E slope line, where E was the
elastic modulus of reinforcement. After the plastic hinge to
form, the ultimate deformation of the plastic area concrete
would seldom exceed 0.006, so the deformation of rein-
forcement had a small change at the hardening period, and
the stress-strain curve was a 0.01E slope line, taking E' =
0.01E [13]. As metal material, steel fiber took the ideal
elastoplasticity stress-strain relationship as reinforcement.
The damage of steel fiber concrete was mainly because of the
pulling out of steel fiber from the concrete, not because of the
broken of the steel fiber; therefore, the tensile stress was
taken when steel fiber was pulling out as the tensile strength
of steel fiber, and in this paper, it was taken as 250 MPa [14].

3.2. Concrete Failure Criterion and the Crack Treatment.
The concrete failure criterion took the William-Warnke
model with five parameters, and the formula was
(F/f.)—S8=0. In this formula, F was the function of the
main stress 0, 0,, and 03, S was the destroying section of the
main stress, and the five parameters, f,, f., f4, f1>and f,,
were uniaxial tensile strength, axial compressive strength,
equal pressure biaxial compressive strength, biaxial com-
pressive strength under hydrostatic pressure, and multiaxial
compressive strength under ambient pressure, respectively.
Also, the ANSYS method was used, when the ambient
pressure was small, the failure surface could be made certain
by two parameters f, and f., and the other three parameters
were f, =12f, f; =145f_ and f, = 1.725f_ [15].

In analysis, the dispersion crack model was used to treat
the frame joint cracking process. After cracks emerge,
subsequent loading would produce sliding or shearing on
the crack surface. In analysis, a split plane shear transfer
coefficient (f,) when the crack opens and split plane transfer
coefficient (f8,) were introduced to simulate the loss of the
concrete shearing capacity. 8, had a great influence on the
calculation result when the crack emerges, and generally, it
was between 0.3~0.5. The f, value of the shear member was
small, the f, value of the flexural member was large, and the
frame node was the shear member, so the §, value was small,
and in this paper, 8, = 0.3. . had a little influence on the
result of the monotonic loading load-carrying specimen, and
generally, it was between 0.9~1.0, and in this paper, 8, = 0.9.
For not considering the concrete crush, it was hard to
simulate the concrete failure process, and the normal failure
surface would cause the premature crush invalidation.
Therefore, this paper used the expanded crush plane to
consider the restriction effect of the steel fiber to the con-
crete, and the axis compressive strength parameter of the
failure criterion was 1.2- f. ~2- f..

3.3. Element Choosing. Reinforcement used Link 8, and
concrete used Solid 65. The FRP sheet used shell 41. The steel
fibers were large in number, and also, they distribute in
chaos, so it was impossible to model the role of each single

steel fiber. Therefore, we take the steel fibers as distributing
microreinforcements. They distribute into the concrete Solid
65 evenly according to volume ratio, and together with
concrete, they compose an integral model, that is, steel fiber
was distributed along with the axes of the coordinates, and in
each direction, the volume ratio was distributed according to
the unit side length ratio; also, the influence of the steel fiber
distribution effective coefficient and orientation coefficient is
considered. Moreover, the steel fiber tensile strength was the
tensile strength when steel fiber was pulling out, so there was
no need to consider the bond-slip between the steel fiber and
the concrete. For the concrete and reinforcement, the dis-
crete model was used for modeling. The bond-slip between
the two uses Combin 39 to simulate, and the bond-slip
constitutive construction relation uses the four line segment
model advised by the CEB-FIPMC90 in reference [16].

For concrete and the CFRP sheet, the discrete model was
used for modeling. The bond-slip between the two used
Combin 39 to simulate. As the plane was perpendicular to
the fiber direction of slip, the loading process did not occur,
so in the analysis, it could correspond to nodes in the di-
rection of coupled degrees of freedom, and it only needed to
consider the vertical slip to the FRP and the slip along the
fiber direction. The bond-slip curve between concrete and
fiber cloth was based on the formula given in [17, 18]. For the
transversal U-shaped wrapped FRP sheet, it was assumed
that the relative slip concrete was mainly along the beam
height direction with respect to the FRP sheet and the joint
of concrete and FRP sheet node displacement coupling in
the other two directions.

3.4. Element Birth and Death. If materials need to be added or
deleted in the structure during the finite element analysis, the
life and death option of the element could be used to kill or
activate the element. The element being killed was not to
delete the element from the model, but to multiply the
corresponding position in the overall stiffness matrix by a tiny
factor, so that the element can be ignored, but the element still
exists. The element activation was not to add elements to the
model, but to reactivate the previously killed elements, that is,
the corresponding position in the overall stiffness matrix was
not multiplied by a small factor, at this time, the element
attributes such as mass and stiffness will restore their original
values, but there is no strain value [19, 20].

Since the reinforcement is based on the cracks of the
frame joints, although the cracks had been repaired before
reinforcement, there were still microcracks in the concrete.
If the influence of the existing microcracks was not con-
sidered in the finite element analysis, the rigidity of the
structure would be too large, which is inconsistent with the
test results. Therefore, in the finite element analysis, the
method of element birth and death was used to consider the
influence of the existing microcracks. The CFRP element was
killed in the load step before the cracking of the specimen,
and the stress of the joint was analyzed according to that of
the unreinforced frame. The CFRP element was reactivated
in the load step after the crack is generated, and it was
involved in the stress work.
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FiGUre 1: The sizes and reinforcements of the specimen (unit: mm).
TaBLE 1: Mechanical performance index of the steel bar.
Rebar grade Diameter (mm) Yield strength (MPa) Modulus of elasticity (GPa)
HPB235 8 312.87 203
HPB335 22 373.68 203

TaBLE 2: Mechanical performance index of concrete.

Concrete strength
Cube strength (MPa) Axial compressive strength (MPa) Tensile strength (MPa)

Model Concrete type

Modulus of elasticity (GPa)

1 HSC 62.73 57.07 4.32 40.48
FHSC 64.43 58.56 4.61 41.09
2 HSC 58.64 50.88 391 40.75
FHSC 65.20 50.36 4.43 37.38

HSC: high-strength concrete; FHSC: steel fiber high-strength concrete.

3.5. Mesh Partition. When we perform analysis by taking the
whole model of joints, the size and the shape of the element
mesh will both influence the analysis results. If the meshes
were divided too meticulously, it will cause the instability of
numerical calculation, and if the meshes were divided too
coarsely, it will influence precision. Only the right meshes
can get the convergence. By comparison, in this paper, mesh
partition is performed by 5 cm, and the corresponding mesh
partition needs to satisfy certain geometry topology rule. As
it was necessary to consider the thickness of the protective
layer of the beam and the column, in this paper, besides
5.0 cm, there were also 3.5 cm and 4.0 cm. The finite element
model is shown in Figure 3.

3.6. Boundary Conditions and Load Application. In order to
simulate the form of joint destruction under the low cycle
loading, we supplied the X-direction the two lateral surfaces of
the upper and lower end of the column translation displace-
ment constraint, supplied X, Y, Z three directions translation
displacement constraints at the lower end of the column,
supplied Y axial force at the column top end, and supplied Y
reversed force or displacement at the beam ends. In the
nonlinear analysis, by defining load step and load substep, we
divided the load into a series of load increments. To solve by
finite element, we made a series of linear approaches in the load
increments to achieve balance. Considering the nonlinear
influence of steel fiber concrete, we adopt the
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FIGURE 2: Sticking method and the range of CFRP (unit: mm).

TaBLE 3: Strengthening scheme of the joints.

Model Strengthening scheme of the damaged model
1 Treat the crack; paste one piece of FRP at the angle of 45° across another piece in the core area; and paste two pieces of FRP at the
beam.
2 Treat the crack; paste two pieces of FRP vertically at the angle of 0° in the core area; and paste two pieces of FRP at the beam.
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FIGURE 3: Finite element model of frame exterior joints.



Newton-Raphson method doing nonlinear iteration. The
displacement convergence criterion was used, and the con-
vergence precision was 1%. In order to improve the conver-
gence of nonlinear analysis, adaptive descend gene, linear
searching, forecasting, and dichotomy were used in this paper.

4. Findings and Discussion

Table 4 shows the comparative result of the damaged frame
joints reinforced by FRP. According to the ratio of the
experimental results and the analysis results, the average
value of the yield load was 1.011, the standard deviation of
the yield load was 0.043, and the coefficient of variation of
the yield load was 0.042. The average value of the yield
displacement was 1.049, the standard deviation of the yield
displacement was 0.064, and the coeflicient of variation of
the yield displacement was 0.061. The average value of the
ultimate load was 0.963, the standard deviation of the ul-
timate load was 0.087, and the coefficient of variation of the
ultimate load was 0.091. The average value of the ultimate
displacement was 1.066, the standard deviation of the ul-
timate displacement was 0.074, and the coefficient of vari-
ation of the ultimate displacement was 0.069. Thus, it
showed that the analysis results and the experimental results
match well.

According to the analysis results, the yield load of
reinforced model 1 was 1.12 times of that before. The yield
displacement of reinforced model 1 was 1.34 times of that
before. The ultimate load of reinforced model 1 was 1.39
times of that before. The ultimate displacement of rein-
forced model 1 was 2.09 times of that before. Model 2 also
presents a similar result. The yield load of reinforced
model 2 was 1.26 times of that before. The yield dis-
placement of reinforced model 2 was 2.13 times of that
before. The ultimate load of reinforced model 2 was 1.37
times of that before. The ultimate displacement of rein-
forced model 2 was 1.63 times of that before. Thus, the
yield load, yield displacement, ultimate load, and ultimate
displacement are improved and all reach the original
condition, which can meet the standard of seismic
appraisal.

The major problem of reinforced model 1 was the
crazing of the concrete along the margin of fiber sheet,
while the problem of model 2 after strengthening was the
rip of fiber sheet in the core area. Although the ultimate
load of the two models was similar, the ultimate dis-
placement of reinforced model 1 was larger than that of
model 2 mainly because of the mechanical behavior and
fiber direction of the fiber sheet. Model 2 with the fiber
sheet pasted at 0° vertically in the core area only provides
vertical constraint, while model 1 with the cross fiber sheet
enhances both vertical and horizontal deformation ca-
pability of the core area concrete.

4.1. Hysteretic Curve and Skeleton Curve. The hysteretic
curve and skeleton curve of the damaged frame joints model
strengthened by FRP are shown in Figures 4-11. The
skeleton curve of the concrete joint specimen could be
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obtained by connecting each load drop point of the load-
displacement hysteretic curve, that is, the envelope line of
the peak point of each stage of the load-displacement
hysteretic curve. The load-displacement curve of the joint
under the same loading was similar, which reflects the re-
lationship between the loading and deformation of the joint,
and was an important basis for the seismic performance
analysis of the joint. The result showed that compared with
the original model, the hysteretic curve of damaged joint
model strengthened by FRP was fuller. Meanwhile, the ul-
timate load, ultimate displacement, and times of circulation
all increased to some degree. The coverage of the skeleton
curve enlarged, which met the standard of the seismic ap-
praisal. For example, compared with original model 1,
reinforced model 1 had a fuller hysteretic curve and more
circulation times, whose ultimate load and ultimate dis-
placement were 1.39 and 2.09 times, respectively, of that
before. For reinforced model 2, the hysteretic curve was also
fuller. The ultimate load and ultimate displacement were
1.37 and 1.63 times, respectively, of that before, while the
circulation times remained the same.

Compared with reinforced model 2, reinforced model 1
had a fuller hysteretic curve, larger coverage of the skeleton
curve and more circulation times. The ultimate load of
model 1 was 0.95 times of model 2, and the ultimate dis-
placement was 1.02 times of model 2. The result indicated
that the cross fiber sheet at the angle of 45° exerts stronger
constraint on the core area concrete than the vertical fiber
sheet. The shear capacity and the deformation capacity of the
joint core area were enhanced; thus, the energy dissipation
capacity was improved.

4.2. Energy Dissipation Capacity. The energy dissipation
capacity was the area surrounded by the load-deformation
hysteretic curve. The energy dissipation capacity of
damaged frame joints mode | reinforced by FRP is shown
in Table 5. The result showed that, after reinforcement, the
energy dissipation capacity of the model reaches the
original level which meets the standard of seismic ap-
praisal. For example, the dissipation energy and strain
energy of reinforced model 1 were 4.58 times and 2.98
times of that before, respectively. The ratio of dissipation
energy and strain energy was 1.53 times of that before. The
dissipation energy and strain energy of reinforced model 2
were 2.13 times and 1.65 times of that before, respectively.
The ratio of dissipation energy and strain energy was 1.30
times of that before.

The dissipation energy and strain energy of reinforced
model 2 were 0.86 times of that of model 1. The ratio of
dissipation energy and strain energy of model 2 and model 1
was the same. The result indicates that the cross fiber sheet at
the angle of 45° exerts stronger constraint on the core area
concrete than the vertical fiber sheet and, thus, enhances the
energy dissipation capacity.

4.3. Displacement Ductility. The displacement ductility ratio
was defined as the ultimate displacement divided by the yield
displacement. The displacement ductility ratio of damaged
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TABLE 4: Result of the experiment and analysis.

YS uUs AR/BR
Model TLoad  Displacement  Load  Displacement Condition — Means YS YS UsS UsS
(kN) (mm) (kN) (mm) load displacement load displacement
36.00 8.98 47.39 17.89 BR .
. 36.52 14.03 53.07 41.91 AR Experiment 1.01 1.56 1.12 2.34
34.04 10.37 40.27 19.92 BR .
38.04 13.86 5610 41.67 AR Analysis ~ 1.12 1.34 1.39 2.09
30.06 7.40 47.44 25.14 BR .
, 3598 16.14 56.66 3505 AR Experiment 1.20 2.18 1.19 1.39
30.06 7.69 42.98 24.98 BR .
37.96 16.36 58.88 4072 AR Analysis  1.26 213 1.37 1.63
YS- yield state, US- ultimate state, BR- before reinforcement, AR- after reinforcement.
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FIGURE 4: Comparison of the hysteretic curves of model 1 (experimental results): (a) before reinforcement; (b) after reinforcement.
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FiGURE 5: Comparison of the hysteretic curves of model 1 (analysis results): (a) before reinforcement; (b) after reinforcement.
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FIGURE 7: Comparison of the hysteretic curves of model 2 (analysis results): (a) before reinforcement; (b) after reinforcement.

40

Load (kN)

20 |

-30

—— Experiment
—— Analysis

()

-30 -20

—— Experiment
—— Analysis

-10

D

10 20 30
Displacement (mm)

-60 L

(b)

Figure 8: Comparison of the hysteretic curves and skeleton curve of model 1 (before): (a) hysteretic reinforcement; (b) skeleton

reinforcement.



Advances in Civil Engineering

Z
S
2=l
<
Qo
—

80

60 —

Load (kN)

0+ f

20 /

L 1 1 L Qs 1 1 |

-60

20

Displacement (mm)

Experiment
—— Analysis

()

Ficure 9: Comparison of the
reinforcement.

hysteretic curves

and skeleton curve

-80 -60 -40 -20 x"'/
/

i

\/"‘40 r

60 |

Displacement (mm)

_go L

—— Experiment
—— Analysis

(b)

of model 1 (after): (a) hysteretic reinforcement; (b) skeleton

60 -

Load (kN)

-30

—— Experiment
—— Analysis

()

Displacement (mm)

—— Experiment
—— Analysis

(®)

FiGure 10: Comparison of the hysteretic curves and skeleton curve of model 2 (before): (a) hysteretic reinforcement; (b) skeleton

reinforcement.

frame joints reinforced by FRP is shown in Table 6. The
results showed that, for model 1, the yield displacement,
ultimate displacement, and displacement ductility ratio after
reinforcement were 1.34 times, 2.09 times, and 1.57 times of
that before reinforcement, respectively. For model 2, the
yield displacement, ultimate displacement, and displace-
ment ductility ratio after reinforcement were 2.13 times, 1.63
times, and 0.77 times of that before reinforcement, re-
spectively. The result showed that the displacement ductility
of the model with the cross fiber sheet at the angle of 45°
meets the standard of seismic appraisal, but the model with
the fiber sheet at the angle of 0° proves a bad displacement
ductility.

4.4. Bearing Capacity Degeneration. The reduction coeffi-
cient of bearing capacity was expressed by the ratio of the
peak value of the second cycle load to the peak value of the
first cycle load. The bearing capacity reduction coefficient of
the damaged frame joints reinforced by FRP is shown in
Table 7. The result showed that different methods of rein-
forcement barely lead to any differences of the bearing
capacity reduction. For example, when displacement was
Ay, the bearing capacity reduction coeflicient of model 1 was
0.97 times of that before, while the number of model 2 was
1.00. When the displacement was 2A y, the bearing capacity
reduction coefficient of model 1 was 0.98 times of that
before, while that of model 2 was 0.98. When the
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Figure 11: Comparison of the hysteretic curves and skeleton curve of model 2 (after): (a) hysteretic reinforcement; (b) skeleton
reinforcement.

TaBLE 5: The energy dissipation capacity of joints.

AR/BR
Model DE (kN-mm) SE (kN-mm) DE/SE Condition Means
DE SE DE/SE
1344.1 3394.2 0.4 BR .
. 51947 8870.9 0.59 AR Experiment 3.86 2.61 1.48
1184.3 3504.0 0.34 BR .
5424.0 10438.2 0.52 AR Analysis 4.8 2.98 1.53
2160.7 5314.9 0.41 BR .
, 41611 7559.1 0.55 AR Experiment 1.93 1.42 1.34
2175.9 5424.0 0.4 BR .
4643.0 3948.9 0.52 AR Analysis 213 1.65 1.30
DE- dissipation energy; SE- strain energy.
TaBLE 6: Displacement ductility of joints.
N AR/BR
Model YD (mm) UD (mm) DDR Condition Means
YD UD DDR
8.98 17.89 1.99 BR .
. 14.03 41.91 299 AR Experiment 1.56 2.34 1.50
10.37 19.92 1.92 BR .
13.86 41.67 301 AR Analysis 1.34 2.09 1.57
7.40 25.14 3.40 BR .
, 16.14 35.05 217 AR Experiment 2.18 1.39 0.64
7.69 24.98 3.25 BR .
16.36 40.72 249 AR Analysis 213 1.63 0.77

YD- yield displacement; UD- ultimate displacement; DDR- displacement ductility ratio.

displacement was 3Ay, Model 2 was damaged, which was reduction of the models after the reinforcement was worse
reinforced. From this, we see that the bearing capacity = than before.



Advances in Civil Engineering 11
TaBLE 7: Comparison of bearing capacity reduction coeflicient of joints.
N AR/BR
Model YL (kN) UL (kN) Ay 2Ay 3Ay Condition Means
YL UL Ay 2Ay
36.00 47.39 0.969 0.901 — BR .
. 36.52 5307 0.937 0.930 o AR Experiment 1.01 1.12 0.97 1.03
34.04 40.27 0.996 0.969 — BR .
38.04 56.10 0.967 0.946 _ AR Analysis 1.12 1.39 0.97 0.98
30.06 47.44 0.949 0.950 0.909 BR .
, 35.98 56.66 0.963 0.957 - AR Experiment 1.20 1.19 1.01 1.01
30.06 42.98 0.993 0.977 0.982 BR .
37.96 58.88 0.994 0.956 _ AR Analysis 1.26 1.37 1.00 0.98
YL- yield load; UL- ultimate load.
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FIGURE 12: Stiffness comparison of joints (experimental results): (a) before reinforcement; (b) after reinforcement.
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FiGure 13: Stiffness comparison of joints (analysis results): (a) before reinforcement; (b) after reinforcement.
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4.5. Stiffness Degradation. In this paper, the stiffness used for
stiffness degradation was loop stiffness. It was calculated by
the displacement corresponding to the peak load ratio of
each loading cycle. The loop and linear stiffness of the
damaged frame joint model reinforced by FRP are shown in
Figures 12~13. At every ductility factor, the stiffness of
model 2 was lower than that of model 1, and the circulation
times of model 2 were fewer than those of model 1. The result
indicated that the stiffness of the reinforced model with the
cross fiber sheet at the angle of 45° meets the standard of
seismic appraisal, but the model with the fiber sheet at the
angle of 0° degenerates fast.

5. Conclusions

Based on the seismic performance test and finite element
analysis of damaged steel fiber-reinforced high-strength
concrete frame joints strengthened by FRP under low cyclic
repeated load, the following conclusions are drawn:

Pasting the carbon fiber sheet at the angle of 45" in the
core area after crack treatment can lead to better re-
inforcement performance than at 0°.

Although these two methods exert a little influence on
the degradation of bearing capacity, the pasted fiber
sheet increases the constraint of the core area concrete
so that the bearing capacity, as well as the energy
dissipation capacity, of the model was enhanced.

The strengthening method of pasting the carbon fiber
sheet at 45" in the joint core area prevents the rigidity
degeneration and improves the displacement duc-
tility of the model. On the contrary, the method of
pasting the carbon fiber sheet at 0° speeds up the
rigidity degeneration and reduces the displacement
ductility.

The finite element analysis result proves the rationality
of the element type, material constitutive relation, and
failure criterion used in the finite element analysis.
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1. Introduction
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This study aims to investigate the effects of two freeze—thaw environments (i.e., maintenance freeze-thaw (MFT) environment and
immersion freeze-thaw (IFT) environment) on the durability performance, deterioration rules, and mechanisms of concrete. In
MFT, the concrete specimens were firstly cured in the standard curing environment (temperature, 20 + 3, humidity, not less than
95%, and ages, 28 d) and then were carried out in freeze-thaw environment, while in IFT, the concrete specimens were firstly
cured in the salt (NaHCO3;, NaCl, and Na,SO,) immersion environment for 90d and then were carried out in freeze-thaw
environment. In this study, the damage features, relative dynamic elastic modulus, mass changes, and erosion-resistance co-
efficient of concrete have been measured. Thereafter, using the scanning electron microscopy (SEM) and the mercury intrusion
porosimetry (MIP), the air-void structure parameters and the microstructures have been measured, respectively. The results show
that the relative dynamic elastic modulus and the erosion-resistance coeflicient of the compressive strength of the concrete in the
IFT environment are, respectively, 14.3% and 21.0% higher than those of the concrete in the MFT environment. In addition, the
results of the microstructure analyses show that the corrosion damages of the concrete are mainly caused by the combined action
of the corrosion products of ettringite and freeze-thaw environment. However, the damage to the concrete in the MFT en-
vironment is more serious than that in the IFT environment. The results of the MIP analysis show that the harmful pore value for
the concrete in the MFT environment is almost two times larger than that for the concrete in the IFT environment.

calcium silicate hydrate (C-S-H) when subjected to sodium
sulfate attack. Zhang et al. [6] found that an excessive

Many earlier studies investigated the damage to concrete
caused by freeze-thaw cycles [1, 2]. Ma et al. [3] showed that
the frost resistance of high-performance concrete blended
with 20 wt% fly ash (FA) and 0.1% polypropylene fiber was
superior when subjected to rapid freeze-thaw cycles. Zhou
and Qiao [4] observed that when a concrete material was
subjected to rapidly repeated freeze-thaw cycles, the energy-
based approach was more sensitive and effective than the
elastic modulus-based approach in evaluating the deterio-
ration of the concrete material over time and capturing the
accumulative material degradation. Liu et al. [5] found that
the addition of FA in ordinary concrete reduced the for-
mation of gypsum and prevented the decalcification of

number of nano-SiO2 particles could have an adverse effect
on the durability of the concrete. Forgeron [7] and Trottier
[8] found that the mechanical properties of concrete under
the combined action of the fatigue load and the freeze-thaw
cycles were equivalent or even better than when only the
fatigue load was applied. Diao et al. [9] reported that with the
increase in the number of freeze-thaw cycles, the com-
pressive strength of concrete decreased when subjected to
alternating actions of the freeze-thaw cycles and seawater
immersion. Gong et al. [10] developed a comprehensive
hydraulic pressure model that can be applied to different
cases, such as different saturation degrees and cooling rates.
Diao et al. [11] found that when subjected to the freeze-thaw
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cycles and mixed corrosion, the loading capacity of rein-
forced concrete beams decreased by 4%. Amini and Tehrani
[12] developed quantitative damage models to predict the
mass loss and the compressive strength loss due to the
combined effect of saltwater and water flow on the deteri-
oration of concrete subjected to freeze-thaw cycles.
Richardson et al. [13] found that rubber crumb was effective
in providing freeze-thaw protection. Yuan et al. [14] ob-
served that the extent of concrete damage increased grad-
ually from surface to complete disintegration of the interior
concrete after 30 freeze-thaw cycles. Wang et al. [15] found
that the freezing temperature was independent of the freeze-
thaw cycles; however, thawing temperature changed with the
number of freeze-thaw cycles. Shang et al. [16] found that the
loss of the compressive strength and the tensile strength of
concrete was more evident than those of the dynamic
modulus of elasticity and the weight loss after the concrete
was subjected to the freeze-thaw cycles. Ranz et al. [17]
developed a nondestructive methodology that can be used as
an alternative method to evaluate the damage in cementi-
tious materials when subjected to freeze-thaw cycles. Li et al.
[18] found that air content can delay the time for concrete to
reach a critical degree of saturation; however, this did not
prevent the damage to concrete caused by the freeze-thaw
cycles. Richardson et al. [19] observed that fibers had the
ability to entrain air, which might contribute to the im-
provement in freeze-thaw durability. Zhang et al. [20-22]
showed that nano-SiO,, nano-CaCOj3, and ground-granu-
lated blast-furnace slag could strengthen mechanical per-
formance of concrete. Li et al. [23] found that the
deterioration of concrete under the freeze-thaw plus dry-wet
conditions was significantly higher than that under the dry-
wet plus freeze-thaw conditions and much higher than that
under one of these two conditions only. Su and Wang [24]
studied the corrosion damage properties of concrete sub-
jected to multi-salt soaking, freeze-thaw, and dry-wet cycles.
Yao et al. [25, 26] investigated the microscopic mechanism
of concrete using multiple admixtures under the common
action of multisalt soaking, wetting-drying, and freeze-thaw
cycles.

Researchers have also carried out studies on the influ-
ences of different freeze-thaw environments on concrete.
Shi et al. [27] found that with the increase in the freeze-thaw
cycles the concrete elastic moduli at the upper-limit tem-
perature were decreasing due to the accumulated damage
caused by the freeze-thaw cycle action of different tem-
perature ranges. Under different freeze-thaw media, Yin
et al. [28] showed that the concrete in 3.5wt% NaCl solution
was much worse than that in water, and the degree of de-
terioration of the mass loss rate, relative dynamic elastic
modulus, average compressive strength, and porosity of CT
scanning images of the recycled aggregate pervious concrete
increased with the increasing number of freeze-thaw cycles.
In the investigation of the difference between the eftects of
the water-resistant freeze-thaw and the salt-freeze-thaw
cycles on ordinary concrete, Xu et al. [29] found that there
was a multiplier relationship between the two, and the
multiplier value had nothing to do with the concrete mix
ratio, strength grade, and stone powder content. By
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analyzing the mechanical properties of concrete subjected to
freeze-thaw cycles in three solutions (i.e., water, 3.5 wt%
NaCl, and aircraft deicing fluid), Zhao et al. [30] found that
the damage to the concrete in 3.5 wt% NaCl solution was
much worse than that in water, and there was only limited
damage to the concrete in the aircraft deicing fluid. Through
a study of the effects of different freezing and thawing
methods on the fracture of concrete with double-k, Hu et al.
[31] found that there were similarities in the influence of
different freeze-thaw methods on the concrete.

However, most of these earlier studies focused on the
damage to concrete under a water freeze-thaw environment
or a sulfate attack environment. Even for the studies on the
effects of different freeze-thaw environments on the me-
chanical properties and microstructures of concrete, the
methods used in most of these studies were freezing and
thawing concrete in water, or in a single salt (e.g., NaCl)
solution. They did not investigate freezing and thawing
concrete in a multisalt (NaCl, Na,SO,, and NaHCO3;) so-
lution. Therefore, it is necessary to investigate the durability
performance and deterioration rules and mechanisms of
concrete in different freeze-thaw environments, including
the multisalt freeze-thaw environments.

In real-life practical engineering, the corrosive failure
mechanisms of concrete are different in different parts of
China. For instance, in the cold saline-alkali corrosive areas in
Western China, concrete may encounter two situations. One
is for the concrete to be subjected to the composite salt freeze-
thaw cycles after a certain standard curing period (usually not
more than 28 days and the concrete specimens were in water
only). The other is for the concrete to be subjected to the
multisalt freeze-thaw cycles after a certain period of erosion
(generally 1-5 months and the concrete specimens were in the
multisalt solution) caused by the multisalt (e.g., NaCl,
Na,SO,4, and NaHCO3) [32]. In real-life practical engineering,
the corrosive failure mechanism of concrete is different in the
two situations above. However, there are only a few reports on
the physical properties, chemical changes, mechanical per-
formances, and microcrack evolution process of concrete
subjected to freeze-thaw cycles and multisalt solution attack.
Therefore, in the cold and saline-alkali corrosive areas of
Western China, a study on the effects of freeze-thaw cycles
and multisalt erosion on concrete has important scientific
research significance and practical engineering value.

In this study, in view of the multisalt solution attack
environment in the cold region in western China and the
actual situation of Dexiang Expressway Project in Delingha
City, Qinghai Province, the effects of two freeze-thaw en-
vironments (i.e., MFT and IFT) on the durability perfor-
mance, deterioration rules, and mechanisms of concrete
have been investigated using the concrete mix ratio provided
by the site so as to develop theories for the actual project and
experimental basis.

2. Experimental Materials and
Concrete Specimens

2.1. Materials. In this study, PO 42.5 portland cement
(provided by Qinghai Province Cement Co., Ltd, China) has
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been used for the preparation of the concrete specimens. The
concrete specimens have been prepared by replacing a part
of FA (provided by Qinghai Province Datong Co., Ltd.,
China) and slag (provided by Qinghai Province Jintuo Co.,
Ltd., China). The chemical composition, physical and me-
chanical properties, and mineral compositions of the ma-
terials used are shown in Tables 1-5.

The reactive sand used in this study has the mud con-
centration of 0.8%, apparent density of 2650 kg/m’, bulk
density of 1470kg/m’, and fineness modulus of 2.6. The
sand, provided by the manufacturer Qinghai Province,
China, has been classified as a type of medium sand. The
coarse aggregate used in this study was provided by the
manufacturer Qinghai Province, China, has a continuous
grade of 5-20 mm, the apparent density of 2520 kg/m’, and
bulk density of 1350 kg/m>. The high-range water reducer
used in this study was produced by Shanxi Province
Chemical Co., Ltd. It has a naphthalene-type superplasticizer
with a water reduction of greater than 20%. The content of
Na,SO, was less than 2%, and the content of chloride ions in
water was less than 0.01%.

2.2. Concrete Specimens. The environment of the Dexiang
Highway Project is a corrosive salt marsh environment. The
salt marsh contains many types of corrosive ions (i.e., Cl’,
HCOj, and SO}), which affect the durability of concrete
negatively. Therefore, the soil samples in the area have been
analyzed chemically. The artificial multi-salt consists of
NaHCO;, NaCl, Na,SO,4, and H,O, and the chemical re-
agents proportions are shown in Table 6. The mix proportion
for the concrete specimens has been designed according to
the practical engineering requirements of concrete. The mix
proportion is shown in Table 7.

Then, the materials, such as cement, FA, SG, sand,
gravel, and water-reducing agent, were dry mixed in
a blender for 1min. Thereafter, water was added, and
the mixture was blended for 3min. The concrete
specimens of two sizes (100 mm x 100 mm x 100 mm and
100 mm x 100 mm x 400 mm) were produced. The 100 mm
concrete cubes were used to measure the reduction in
compressive  strength and  concrete mass and
100 mm x 100 mm x 400 mm prisms were used to measure
the relative dynamic elastic modulus and microstructure.
Each concrete specimen was placed in a mold and cured for
24h. The concrete specimens were then divided into two
groups. After demolding, one group was placed into water of
(20£3)°C for 28d standard curing. The other group, also
demolded, was placed into multisalt water for 90d curing.

2.3. Experimental Program. In general, the damage mech-
anism and the reaction outcomes of concrete subjected to
freeze-thaw cycles and multisalt solution attack are different.
The internal structure of the concrete tends to be denser after
the multisalt solution attack, as compared to the concrete
after being subjected to the freeze-thaw cycles. Therefore, in
order to investigate this difference, experiments have been
carried out with the concrete specimens in the MFT and IFT
environments, and the results are shown in experiment in

TaBLE 1: Chemical composition of main raw materials (in
percentage).

Material SiO, ALO; Fe,O; CaO MgO Na,O K,O

PO 425 2346 3.88 332 6682 132 042 0.78
FA 55.31 26.83  5.65 588 256 198 1.79
Slag 47.33  6.43 112 4023 3.21 0.77 091

the MFT environment and in the IFT

environment.

experiment

Experiment in the MFT Environment. After immersing the
concrete specimens in pure water of (20 + 3)°C for 24 days,
the specimens were immersed in the multisalt solution of
(20 + 3)°C for 4 days and subjected to 150 freeze-thaw cycles
and multisalt solution attack. The mass change, compressive
strength, and relative dynamic elastic modulus of the con-
crete specimens have been determined at 0, 25, 50, 75, 100,
125, and 150 cycles. Using the scanning electron microscopy
(SEM) and mercury intrusion porosimetry (MIP), the mi-
crostructure of the concrete has been evaluated.

Experiment in the IFT Environment. This group of concrete
specimens was exposed to the multisalt solution for 90 days
and then subjected to 150 freeze-thaw cycles and multisalt
solution attack. The mass change, compressive strength, and
relative dynamic elastic modulus of concrete specimens have
been determined at 0, 25, 50, 75, 100, 125, and 150 cycles.
Using the scanning electron microscopy (SEM) and mercury
intrusion porosimetry (MIP), the microstructure of the
concrete has been evaluated.

In this study, the Standard for Test Methods of Long-
Term Performance and Durability of Ordinary Concrete
(GB/T 50082-2009) has been used as a guide. The concrete
specimens of the sizes 100 mm x 100 mm x 100 mm and
100 mm x 100 mm x 400 mm have been prepared for the
freeze-thaw test. During the test, the central temperature of
the specimens was controlled, and they were changed be-
tween —15+2°C and 6 +2°C. The deicer solution level was
20 mm higher than the top of the specimens. Each freeze-
thaw cycle lasted for nearly 2h, and the thawing time was
approximately 2h. The freeze-thaw test was stopped when
the mass loss (W,,) reached 5% or the relative dynamic elastic
modulus (E,) decreased to 60%. At that point, the number of
freeze-thaw cycles is considered as the maximum number of
freeze-thaw cycles, n. The mass loss, W, is then calculated
after n freeze-thaw cycles as follows:

GO B Gn 0
G 100%, (1)

W, =

where (G,) is the original mass before the start of the freeze-
thaw cycles, and (G,,) is the mass after n freeze-thaw cycles.
The relative dynamic elastic modulus, E,, is calculated as
follows:
B 2
=ns f—; x 100%E,, (2)
Ey f 0
where E, is the original relative dynamic elastic modulus of

the concrete specimens, E, is the relative dynamic elastic
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TABLE 2: Basic physical and mechanical properties of cement.
Initial setting ti Final setting ti Compression
Cement Specific surface area (m*kg ™) fuhial sething time tnal setng fime strength (MPa)
Min Min 3d 28
PO 42.5 344 240 315 24.1 49.3

TaBLE 3: Mineral composition of main raw materials (in
percentage).

Material C3S C2S§ C3A
PO 42,5 55.7 22.09 512

C4AF f-CaO
16.79 0.29

TaBLE 4: Basic physical and mechanical properties of FA (in
percentage).

Material Fineness (45um) Water demand ratio SO; Loss
FA 10.8 94 0.67 1.66

modulus of the concrete specimens after n freeze-thaw
cycles, f% is the original frequency of the concrete speci-
mens, and f? is the frequency of the concrete specimens
after n freeze-thaw cycles. Further, the compression strength
of the concrete specimens has been evaluated.

The erosion-resistance coeflicient, K, of the specimens
can be calculated as follows:

K =L 3)
s
where f, is the compression strength of the concrete
specimens subjected to # freeze-thaw cycles and the multisalt
solution attack, and f is the original compression strength
of the concrete specimens immersed in the multisalt solution
before the start of the freeze-thaw cycles.

3. Experimental Results and Discussion

3.1. Visual Inspection. As shown in Figures 1 and 2 and
Table 8, the degree of damage of the concrete specimens after
being subjected to freeze-thaw cycles is different in different
experiments. With the increase in the number of freeze-thaw
cycles, the degree of damage of concrete increases gradually.
After being subjected to the maximum number of freeze-
thaw cycles in the IFT environment, which is 125, a large
number of stones in the concrete specimen are exposed or at
one end of the concrete specimen, they are even peeled.
Comparing to that in the IFT environment, the damage of
the concrete specimens in the MFT environment is more
serious. The whole surface of the concrete specimen fell off.
Moreover, when the number of freeze-thaw cycles reaches
100 times, the degree of damage of the concrete specimen is
125 times of that in the IFT environment. This is an indi-
cation that the MFT environment is more destructive to
concrete than the IFT environment.

3.2. Mass Change. Figure 3 shows that the mass loss of the
concrete specimen increases with increasing the number of
freeze-thaw cycles. Before 75 freeze-thaw cycles, the mass

loss of the concrete specimen in the IFT environment is
slightly higher than that in the MFT environment. However,
after 75 freeze-thaw cycles, due to the peeling of the concrete
specimen in the MFT environment, the mass loss of the
concrete specimen in the MFT environment is higher than
that in the IFT environment. This is an indication that the
rate mass loss of the concrete specimen in the MFT envi-
ronment is faster after 75 freeze-thaw cycles.

3.3. Relative Dynamic Elastic Modulus. Figure 4 shows the
variations of E, of the concrete specimens subjected to the
freeze-thaw cycles and the multisalt solution attack. Before
75 freeze-thaw cycles, E, of the concrete specimen in the
MFT environment is slightly higher than that in the IFT
environment. That is to say, the MFT case showed better
frost resistance in the first several cycles the IFT. However,
the results show that in the latter stage of the concrete
degradation, the decrease in E, in the MFT environment is
significantly larger than that in the IFT environment. This is
an indication that the deterioration of concrete subjected to
freeze-thaw cycles and the multisalt solution attack is faster
due to the salt crystallization. For instance, in Figure 4, E, for
the concrete specimens in the MFT environment decreases
by 48.7% after 100 freeze-thaw cycles. On the other hand, E,
for the concrete specimens in the IFT environment decreases
by 44.2% after 125 freeze-thaw cycles. Hence, E, for the
concrete specimen in the MFT environment decreases by
4.5% more than that in the IFT environment. From the
downward trend (Figure 4), when the number of freeze-thaw
cycles increases from 75 to 100, E, of the concrete specimen
in the MFT environment decreases from 87.6% to 51.3% (a
decrease of 36.3%). This sharp downward trend is an in-
dication of brittle damage characteristics. By contrast, when
the freeze-thaw cycles increases from 75 to 100, E, of the
concrete specimen in the IFT environment decreases from
75.7% to 61.4% (a decrease of 14.3%). So, the decrease in E,
of the concrete specimen in the IFT environment is slower
than that in the MFT environment. Comparing with the
damage caused by the freeze-thaw cycles, the damage to the
concrete specimen by the salt solution attack is less.
Therefore, the damage to concrete in the IFT environment is
generally less than that in the MFT environment.

3.4. Erosion-Resistance Coefficients. Figure 5 shows the
variations of K_ of the concrete specimens subjected to the
freeze-thaw cycles and the multisalt solution attack. As
shown in the figure, for the concrete specimens in the MFT
environment, there is slight corrosion. In the initial stage, K,
of the concrete specimen increases with increasing the
number of freeze-thaw cycles, which is known as the
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TaBLE 5: Basic physical properties of slag (in percentage).
. . a1 1 . Activity index
Material Specific surface area (m~kg ") Loss SO, Water demand ratio d 284
Slag 405 0.17 0.11 97 76 103

TaBLE 6: Proportion of chemical reagents in multisalt. Unit: g/L.

NaHCO, NaCl Na,SO,
0.54 31.01 3.55

TABLE 7: Mix proportion for concrete specimens (grade C30). Unit:
kg/m’.

Gravel Water Fly
Cement Sand (5-20 mm) Water  reducing ash Slag
agent
262 767 1103 170 523 87 87

corrosion strengthening stage. This stage is followed by a
stabilizing stage. Comparing with the concrete specimens in
the IFT environment, the damage to the concrete specimens
in the MFT environment is more seriously after 25 freeze-
thaw cycles. K, of the concrete specimens in the MFT en-
vironment decreases sharply from 25 to 50 freeze-thaw
cycles and then decreases gradually as the freeze-thaw cycles
increase. For example, K. of the concrete specimens in the
MFT environment is reduced by 59% after 150 freeze-thaw
cycles, whereas for the concrete specimens in the IFT en-
vironment is reduced by 38%. Hence, the reduction in K, of
the concrete specimens in the MFT environment is 21%
more than that in the IFT environment. From the results of
the mass loss, E, and K, of the concrete specimens, they all
show that the degree of damage of the concrete specimens in
the MFT environment is more serious than that in the IFT
environment. Therefore, when concrete is to be subjected to
freeze-thaw cycles and multisalt solution attack, it is rec-
ommended to place concrete in a multisalt erosion envi-
ronment for three months prior to freezing.

3.5. Analysis of Microstructure of Concrete Specimens

3.5.1. Analysis of Microstructure Using SEM and EDS.
Figure 6 shows the SEM images of the deteriorated part of
the concrete specimen in the IFT environment subjected to
the multisalt solution attack and freeze-thaw cycles from 0 to
125. Figure 6(a) shows the microstructure of the concrete
specimen attacked by the multisalt solution after 90 days.
Before the 90 days, there were no freeze-thaw cycles, and the
concrete microstructure is quite compact. As shown in
Figure 6(a), the corrosion products of ettringite are formed
inside the concrete; however, there are no microcracks. This
may be attributed to the corrosion products of ettringite
integrate with the concrete. Figure 6(c) shows the micro-
structure of the concrete in the IFT environment. It can be
seen that there are several microcracks and the maximum

width of the microcracks is approximately 0.8 yum. With the
increase in the freeze-thaw cycles, for the concrete specimen
in the IFT environment, the maximum width of the
microcracks increases gradually, and large pores have a loose
structure (Figure 6(e)).

Figure 7 shows the microstructure of the concrete
specimen in the MFT environment. Before the freeze-thaw
cycles, the SEM microscopic analysis shows that the concrete
microstructure is quite compact because of the C-S-H
dispersed well in the concrete (Figure 7(a)). After 25 freeze-
thaw cycles, there are several voids in the concrete, as shown
in Figure 7(b). With the increase in the freeze-thaw cycles,
several corrosion products formed as indicated by the ar-
rows in Figure 7(c). With the further increase in the freeze-
thaw cycles, the voids became larger; thus, more corrosion
products entered the interior of the concrete (Figure 7(d)).
Therefore, they interacted and promoted each other. The
maximum width of some microcracks is approximately
3.0mm (Figure 7(e)), which is wider than that for the
concrete specimen in the IFT environment.

The reason for the wider microcracks in the concrete
specimen in the IFT environment may be attributed to the
immersion of the concrete specimen in the multisalt solution
for a long time before freezing. The advantage is that the
chloride ions in the multisalt solution have strong pene-
tration ability; they enter into the concrete to reduce the
freezing point, prevent the invasion of sulfate ions, and
reduce the corrosion production of ettringite, thereby im-
proving its corrosion resistance performance. The disad-
vantage is that the concrete specimen in the IFT
environment is easily eroded when subjected to the multisalt
solution attack after demolition. However, the concrete
specimen in the MFT environment has been immersed in the
multisalt solution for only 28 days before freezing. In the
MFT case, before 75 freeze-thaw cycles, due to the filling of
corrosive products in a short period of time, the strength of
concrete will increase; however, with the increase of cor-
rosive ion concentration, especially sulfate ion concentra-
tion, excessive ettringite which are corrosive products will
expand inside the concrete. When the expansion stress
exceeds the tensile strength of concrete, the concrete will be
damaged. In contrast, in the IFT case, before 75 freeze-thaw
cycles, due to the filling of corrosive products in the curing
time (90d), corrosive products are integrated with the
concrete [25], there are relatively few pores in concrete, and
no more corrosive products enter the concrete; therefore, the
damage is less. Therefore, the damage to the concrete
specimen subjected to the freeze-thaw cycles is more serious
than that subjected to the multisalt solution attack. In
general, the degree of damage of the concrete specimen in
the IFT environment is smaller than that in the MFT
environment.
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(c) (d)

FiGure 1: Typical failure modes of the concrete in the IFT environment. (a) 0 freeze-thaw cycles; (b) 25 freeze-thaw cycles; (c) 50 freeze-thaw
cycles; (d) 75 freeze-thaw cycles; and (e) 125 freeze-thaw cycles.

(e)

F1GURE 2: Typical failure modes of the concrete in the MFT environment. (a) 0 freeze-thaw cycles; (b) 25 freeze-thaw cycles; (c) 50 freeze-
thaw cycles; (d) 75 freeze-thaw cycles; and (e) 100 freeze-thaw cycles.
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TaBLE 8: Visual assessment” of specimens’ deterioration in concrete specimens.
) Freeze-thaw cycles
Environment
0 25 50 75 100 125
IFT 0 1 2 3 b 4
MEFT 0 1 3 4 5 —

“Deterioration scale; b: no test was carried out due to damaged experimental apparatus; 0: no visible deterioration; 1: some deterioration at corners; 2:
deterioration at corners and cracking along the edges; 3: bulge of surfaces; 4: extensive spalling; and 5: complete damage.

Mass change (%)
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FIGURE 3: Variations of relative mass change of concrete specimens with freeze-thaw cycles in IFT and MFT environments.
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FIGURE 4: Variations of relative dynamic elastic modulus of con-
crete specimens with freeze-thaw cycles in IFT and MFT
environments.

3.5.2. Analysis of Microstructure Using MIP. Since pore
structure directly affects the performance and durability of
concrete, it is an important part of microstructure of

1.1 -

Erosion-resistance coefficients

0.3 1 1 1 1 1 1 1 J
0 20 40 60 80 100 120 140 160

Freeze-thaw cycles (times)

—a— [FT
—e— MFT

FIGURE 5: Variations of erosion-resistance coeflicient of concrete
specimens with freeze-thaw cycles in IFT and MFT environments.

concrete [33]. Figure 8 and Table 9 show that the internal
pore size of the concrete specimen has changed significantly
after two freeze-thaw environments, in both MFT and IFT.
The average pore size, most probable pore size, median pore
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(e)

FIGURE 6: Microstructure of the concrete in the IFT environment. (a) 0 freeze-thaw cycles; (b) 25 freeze-thaw cycles; (c) 50 freeze-thaw
cycles; (d) 75 freeze-thaw cycles; and (e) 125 freeze-thaw cycles.

(®)

FiGgure 7: Continued.
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FIGURE 7: Microstructure of the concrete in the MFT environment. (a) 0 freeze-thaw cycles; (b) 25 freeze-thaw cycles; (c) 50 freeze-thaw

cycles; (d) 75 freeze-thaw cycles; and (e) 100 freeze-thaw cycles.

dv/dlgd (mL/g)

Pore diameter (ym)

— D1
--- D2

FIGURE 8: Pore size distributions of sample D-1 and D-2.

size, porosity, and total pore volume of the concrete spec-
imen in the IFT environment subjected to 100 freeze-thaw
cycles are all smaller than those of the concrete specimen in
the MFT environment subjected to 125 freeze-thaw cycles.
Wu et al. [34] found that, based on the classification of the
pore size of concrete, smaller than 50 nm is harmless pore,
equals 50-100 nm is harmful pore, and bigger than 100 nm is
much harmful pore; the pore size distributions of the

concrete specimens in the IFT and MFT environments are
shown in Table 9.

From the overall pore size distribution, the proportions
of the pore within the sizes of d <50 nm, 50 nm < d < 100 nm,
and d>100nm for the concrete specimen in the MFT en-
vironment are 32.0%, 16.2%, and 51.8%, respectively,
whereas for the concrete specimen in the IFT environment
are 45.3%, 9.2%, and 45.5%, respectively. Although the
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TABLE 9: Pore size distributions of concrete specimens in IFT and MFT environments.
. Mean pore Mode pore Median pore Total porosity (by Total pore volume Pore volume (%)
Specimen o —2 -1
D (nm) D (nm) D (nm) volume) (%) (10~"ml-g™) d<50nm 50nm<d<100nm d>100nm
D-1 355 53.9 113.0 16.7 8.1 32.0 16.2 51.8
D-2 24.6 27.4 68.3 10.9 4.7 45.3 9.2 45.5

D-1 is the specimen of concrete in the MFT environment subjected to 100 freeze-thaw cycles, and D-2 is the specimen of concrete in the IFT environment

subjected to 125 freeze-thaw cycles.

proportion of the pores within the size (4> 100 nm) for the
concrete specimen in the MFT environment is similar to that
for the concrete specimen in the IFT environment, the
average pore size, median pore size, and porosity for the
concrete specimen in the MFT environment are 1.44, 1.65,
and 1.53 higher than that for the concrete specimen in the
IFT environment, respectively. This is an indication that the
damage to the concrete specimen in the MFT environment is
more serious than that to the concrete specimen in the IFT
environment. For the most probable aperture and total pore
volume of the two concrete specimens, the difference is
larger, where the value for the concrete specimen in the MFT
environment is almost twice as large as for the concrete
specimen in the IFT environment (Table 9). In summary, the
deterioration process of concrete is the process of increasing
the number of macropores, decreasing the number of mi-
cropores, and gradual expansion of microcracks.

4. Conclusions

This study investigates the damage to concrete subjected to
the two freeze-thaw environments (i.e., maintenance freeze-
thaw environment and immersion freeze-thaw environ-
ment) attack. The conclusions are as follows.

On the basis of the erosion-resistance coefficients, mass
change, relative dynamic elastic modulus, and microstruc-
ture of the concrete, the damage to the concrete in the MFT
environment is more serious than that in the IFT
environment.

After 150 freeze-thaw cycles, the erosion-resistance
coefficient of the concrete in the MFT environment de-
creases by 59%, whereas that of the concrete in the IFT
environment decreases by 38%. The decrease in the erosion-
resistance coefficient of the concrete in the MFT environ-
ment is therefore 21% more than that of the concrete in the
IFT environment.

The analyses of the microstructure of concrete show that,
under the action of various environmental factors, the
corrosion damage to concrete is caused by the accumulated
damage caused by pore development, microcrack devel-
opment, and penetration.
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In this paper, a nonlinear finite element (FE) analysis of high-performance hybrid system (HPHS) beam-column connections is
presented. The detailed experimental results of the ten half-scale hybrid connections with limited seismic detailing have been
discussed in a different paper. However, due to the inherent complexity of HPHS beam-column joints and the unique features of the
tested specimens, the experimental study was not comprehensive enough. The new connection (HPHS) detail suggested in this study
is characterized by ductile connection, steel connectors, and engineered cementitious composite (ECC) which is a kind of high-
performance fiber reinforced cement composite with multiple fine cracks (HPFRCCs). Therefore, in this paper, FE analysis results are
compared with experimental results from the cycle tests of the two specimens (RC and PC) to assess model accuracy, and detailed
model descriptions are presented, including the determination of stiffness and strength. The critical parameters influencing the joint’s
behavior are the axial load on column, beam connection steel plate length, inner bolt stress contribution, and plastic hinge area.

1. Introduction

Precast concrete has not been used widely as a framing system
for buildings located in several seismic regions. Precast
concrete joints between the prefabricated members have some
issues. Connections, in particular beam-to-column connec-
tions, are the vital part of precast concrete construction. To
satisfy the structural requirements of the overall frame, each
connection must have the ability to transfer vertical shear,
transverse horizontal shear, axial tension and compression,
and occasionally bending moment and torsion between one
precast component and another, safely. The transfer of forces
between the components and eventually the behavior of
frames are governed by the characteristics of the connections.
However, in practice, the behavior of precast connections is
not well established and not fully understood to fulfill the
requirements needed in the design and construction devel-
opment of precast technology [1-3].

Current technology is widely available to satisfy the
growing demand required of engineers to provide com-
munities with superior levels of structural performance

during an earthquake. As more advances are made in seismic
engineering, the available technology becomes more cost-
competitive when compared to traditional construction
practice: further financial benefits can be associated with the
improved response of the system considering the seismic
risk applied over the working life of the structure. High
performing systems will be designed to operate more effi-
ciently as they are tuned to their direct application. As a
result, the seismic demand imposed onto a structure
(maximum displacements and accelerations) can be sig-
nificantly reduced, thereby reducing material costs and
construction time. However, in developing this new tech-
nology, design recommendations are required to ensure the
technology is appropriately utilized.

This paper focuses on understanding the behavior of the
HPHS (high-performance hybrid system) under seismic
action. The validity of the HPHC system was demonstrated
by a series of experimental tests, which proved the system
has good performance under lateral loading. For application
of the HPHS to the real structure, the seismic performance of
single connections for several primary variables has to be
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assessed. In this study, parametric study for the HPHS
connection was carried out based on test and FEM analysis.
Investigated parameters include (1) axial load on column, (2)
beam connection steel plate length, (3) inner bolt stress
contribution, and (4) plastic hinge area. Therefore, this paper
is aimed at developing and calibrating a nonlinear FE model
and further uses it to investigate the behavior of HPHS by
varying the main control parameters [4].

2. Previous Development Connection and
Test Results

The new connection detail suggested in this study is char-
acterized by ductile connection, steel connectors, and
engineered cementitious composite (ECC) which is a kind of
high-performance fiber reinforced cement composite with
multiple fine cracks (HPFRCCs) and used in order to im-
prove the constructability of joint and efficiently transfer
stress between discontinued precast members. Making steel
connector consists of bolting steel tubes and steel plates
which are usually placed inside the precast column and beam
and casting the ECC to some parts of the beam and joint in
the field (refer to Figures 1, and 2) [1-3].

The dimensions and details of reinforcements of the
specimens are shown in Figure 3, and the other experimental
parameters are listed in Tables 1 and 2. Stress discontinuity
between the members associated with the steel connectors
and the ECC was not observed, and the load was effectively
transferred to the beam and joint. The connection detail
developed and suggested in this study which has elastic joint
and steel plate connector satisfied the requirement pre-
scribed in the ACI structural guideline and thus was verified
to provide excellent seismic performance (refer to Figure 4)
[1-3].

3. Analytical Model

The proposed connection system (HPHS) has various types
of structural elements such as concrete, steel plate, and ECC.
It is very difficult to investigate design variable experiment,
so nonlinear finite element analysis was conducted based on
the experimental results. To improve understanding of the
proposed connection system of local stress-strain behavior
and joint strength in the vicinity of beam-to-column con-
nection, a total of three concrete models were adopted and
analyzed. These innovative high-performance hybrid sys-
tems (HPHSs) make use of steel, bolt sections, and ECC into
the beam-column joint region to facilitate the connection of
precast elements. In the experimental study, two cast-in-
place and ten PC specimens, whose connection configura-
tions slightly differed from each other, were tested. However,
due to unique features of the tested specimens and material
heterogeneity, it was difficult to understand the complex
seismic behavior of beam-column connections. Further-
more, the effect of several influencing parameters such as
flexural strength ratio and axial load cannot be varied in a
limited number of experiments. The ABAQUS (ABAQUS
version 6.6-1, 2006) finite element code was used to analyze
the proposed precast beam-column connections. These
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FiGure 1: Description of development of precast concrete beam-to-
column connection.

numerical models consisted of a combination of elements,
springs, and constraint conditions. Amongst these were
refined 2D plane stress elements incorporating the full
nonlinear material/geometric properties, contact elements,
surface interaction with friction, constraint conditions using
equation points, concrete crack conditions, and elastic
foundation springs. These advanced modeling methods were
intended to provide a detailed and accurate understanding
of the overall behavior of the connections, including the
stress distributions on the contact surfaces in spite of the
high computational cost typically associated with this type of
data [4, 5].

3.1. Material Properties. The longitudinal reinforcement of
the beam and column was deformed bars of yield strength
437 MPa and 508 MPa, while the beam stirrups and column
transverse ties were applied with yield strength 475 MPa and
400 MPa. The slump value of the concrete mix was
75+ 25mm. The average compressive strength of concrete
calculated using the cylinder tests was found to be 27.5 MPa
(joint area ECC=40.5MPa). Steel connector, used in the
construction of the specimens, was confirmed to be SS400.
Average values of steel section properties were obtained
from the samples of tensile coupon tests. However, for the
wide range of parametric study, proposed equations were
used and compared with test results. Used stress-strain
models of concrete were the modified Kent-Park model and
Collins model accounting for the confinement effect of steel
tube embedded in the column. Additionally, the concrete
damaged plasticity model was provided by ABAQUS; it
needs the true stress-logarithmic stress-strain relation for
tension and compression. Therefore, in this research, an
equivalent uniaxial constitutive model for concrete in ten-
sion suggested by Torres [6] was used. It is also shown in
Figure 5. The steel material properties for the steel plate and
column tube were modeled after SS400 with fully nonlinear
isotropic characteristics. For the same reason of concrete,
steel was modeled to simplified hardening material as shown
in Figures 6 and 7. The stress-strain curve of reinforcements
was also determined by the test. However, the flexural
moment ratio is an important variable for the design of
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FIGURE 2: Proposed connection type. (a) Inside connection. (b) Outside connection.
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TaBLE 2: Test results.

P P P 1) ) ) u M M. M Vv v, v
; y max f y 'max f n uj eak n u peak
Specimen ) &N &N @) ) ) [ (N m) (N.m) (RNom) (N) (N) (Nom) Cpesk V)
RC- Pos 89 119 114 1.5 35 425 2.3 206 572 1.06
control Neg 95 127 120 1.9 3.5 425 1.8 125 285 219 792 540 611 1.13
PC-I50- Pos 111 148 114 1.3 3.5 425 27 255 711 1.22
0.2 Neg 124 166 110 1.3 3.5 425 27 125 346 286 964 >83 798 1.36

All estimates associated with moment and shear are computed based on actual material properties. P,: moment at first yield of top bar (measured); P, : peak
load (measured); P iz failure load (measured); & )t yield displacement (measured); §,,,,,: peak displacement (measured); § i failure displacement (measured); u:
ductility (8,,,/8,); M,,: nominal moment; M;: moment corresponding to v, (computed); M,,.,: peak moment (measured); v,: nominal joint shear capacity
(computed); v,: joint shear demand (computed); vye,: joint shear at M,
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FIGURE 5: Stress-strain curve of concrete in uniaxial stress state.

moment frame, and stress-strain relation for other rein-
forcements would be needed. Therefore, we also use the
stress-strain relation for various diameter of reinforcements
(refer to Figure 6). Table 3 indicates the material input codes
of the concrete damage plasticity for ABAQUS.

The last set of material properties is ECC in compression
and tension. As previously discussed, ECC has very large
capacity in tension. Using stress-strain data from the test,
equivalent perfectly plastic material behavior was used for
material modeling in tension (refer to Figure 8). And
available test data were used for compression.

3.2. Finite Element Modeling. In the present study, the
specimens were analyzed using the ABAQUS software. Two-
dimensional (2D) plane stress elements were applied to
simulate the concrete and steel plates, while reinforcing bars
were modeled as truss elements. In material modeling, the
concrete models were based on nonlinear fracture mecha-
nisms to account for cracking, and plasticity models were
used for the concrete in compression and steel reinforce-
ment. The ABAQUS (ABAQUS version 6.10-1, 2010) finite
element code was used to analyze the effect of variables of the
proposed connection system (refer to Figure 9).

Generally, in the composite structure, there are many
problems with contact area of concrete and steel. Therefore,
all interfaces between two contact surfaces were constrained
with each other. The general contact formulation used in
ABAQUS involves a master-slave algorithm. This formu-
lation considers the hard contact for normal direction of
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TaBLE 3: ABAQUS input values for confined concrete.

Plastic stress (MPa) Plastic strain Compression damage

28.21 0 0

32.03 0.000110 0.01
35.23 0.000221 0.02
39.80 0.000493 0.05
41.92 0.000834 0.1

41.99 0.001032 0.15
41.29 0.001450 0.2
39.89 0.002287 0.5
21.22 0.01331 0.9

each surface and frictional contact behavior for tangential
direction. Surface interactions and constrained area are
shown in Figure 10. Boundary conditions for generated
model are shown in Figure 11. Bottom of the column was
supported by pin, and the end of the beam was supported
through roller condition. These boundary conditions were
determined from the test assumptions. The beam end was
restrained only in roller, and the bottom of the column was
restrained with a hinge. The FE models were loaded in two
steps. Axial load was applied in first step at the column, and

Stress (MPa)

0.000 0.005 0.010 0.015 0.020

Strain

FiGure 8: Stress-strain curve for ECC in uniaxial stress state in
tension.

Composite section
with steel tube

Composite section

R/C section

FIGURE 9: Partitioned 2D models for proposed connection system
(hybrid connection).

lateral load was applied to the same location in second step,
cyclically. Cyclic load was applied by displacement control,
and this is shown in Figure 12.

3.3. FE Analysis Results. To verify the finite element model,
the analytical results were compared with the experimental
results. The specimens were modeled with a truss elements
and the remaining plane stress 2D elements. Concrete was
modeled using 2D plane stress elements which were iso-
parametric elements. On the other hand, the reinforcing
steel bars were modeled as two-node truss elements. At the
joint core region, the area of truss elements close to the
boundary was increased appropriately to simulate their
corresponding steel area contributions. The beam bottom
bars were discontinued at the face of the column. Steel plates,
which were used for the connection at the joint, extended
inside the beam at one side and abutted with the column face
on the other side. These plates were simulated as 2D plane
stress elements. These elements were assigned with steel
plate thickness and its material properties. The concrete on
the front and rear side of these elements was neglected in the
analysis as it was filled up after the connections were fas-
tened. Four rows of 2D elements at the bottom of the joint
were treated as being connected by the steel plates, and their
equivalent area was transferred to the column main bars and
transverse links.
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The predicted and observed responses of the specimens
are presented in Figure 13. From Figure 13(a) of specimen
RC-control, it can be seen that the analytical model seemed
to have predicted a good response with respect to the ex-
perimental observations. Although the displacements of the
analytical model for a few initial cycles were slightly higher,
the later cycles’ predicted results were in good agreement
with the experimental counterparts. Specimen RC-control
achieved a displacement ductility factor (i) of about 2.8, and
pinching was observed in the loops. The loops were thin and
quite similar to the experimental results. A large deforma-
tion of the joint core was observed at this stage. Figure 13(b)
shows the analytical and experimental results comparison
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for specimen PC-150-0.2. From the experimental results, it
was seen that the specimen exhibited a large initial dis-
placement for many cycles. The specimen achieved good
energy dissipation till 4 of approximately of 2.8. The global
deformed shape of the specimen corresponding to y of 1.5 is
given in Figure 13(b). A moderate deformation of the joint
core and upper and lower parts of the column was seen from
the figure. Specimen I-ECC25 reached y of approximately
2.9, slightly lesser when compared to its experimental values.
Although the experimental loops showed large initial dis-
placements, their analytical counterparts always depicted
steady displacements throughout. This may be due to the fact
that the connections might have had some initial gaps in the
steel connector, where the nuts and bolts were fastened,
which might have slipped after the application of load
leading to large initial displacements.

Comparison of the analytical and experimental results of
all the specimens showed that the lateral load-displacement
hysteresis loops obtained from the FE analyses were quite
similar to the experimental observations. Besides, the failure
modes and the ultimate ductility capacities correlated well
with the experimental results. The FE analyses also showed
that results of the deformations and cracking patterns
matched well with the experimental observations. From the
aforementioned observations and predictions of both the
global and local behaviors using the FE analysis, the use of FE
modeling techniques can, therefore, be further extended to
study the joint performance by varying different parameters.

4. Parametric Studies

4.1. Influence of Axial Loads on Behavior of Beam-Column
Joints. Axial loading is a critical parameter in the studies of
beam-column joints, but its effect on seismic behavior of
beam-column joints has not been fully understood. Previous
investigations have shown that axial force is beneficial to the
joint shear resistance [3]. Since the neutral axis depth in the
column increases with axial compression load, a larger
portion of the bond forces from the beam bars can be as-
sumed to be transferred to the diagonal strut. Therefore, the
concrete contribution to the joint shear resistance will be
increased. In [7], the authors experimentally investigated
two nonductile interior beam-column joints with different
axial loading levels. However, both of these specimens failed
due to the pullout of the embedded beam bottom bars in-
stead of joint shear failure.

Lin and Restreop’s investigations [8] showed that axial
compression in excess of 0.3 f LA became detrimental to the
joints. In a study conducted by Fu et al. [9], it was pointed
out that if the shear was small, the increase of axial loads was
favorable to the joints, whereas for high shears, the increase
of axial loads was unfavorable. Li et al. [10] found that for a
rectangle joint, an axial load less than 0.4 /A 5 Was beneficial
to the joint, while the axial compression load ranging be-
tween zero to 0.2 f C'Ag enhanced the joint’s performance for
deep wall-like column joints.

In this study, the influence of axial loading on the seismic
behavior of hybrid-steel concrete joints is investigated. Axial
load was applied in first step at the column, and lateral load



Advances in Civil Engineering

Drift (%)
-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 50 6.0

150

100

- Joint failure

50

-50

Lateral load (kN)
Lateral load (kips)

-100

-150

T — T T ——T— T T T
-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120
Lateral displacement (mm)

~~~~~~ Test
—— Analysis
(@
Drift (%)
-100 -50 0 50 100
! ! | h |
100 Formatlgn of
plastic hinge
~ 2 Y 4
g 0 £
2 °]
£ -
g E
e 50 &
= =
-100
-150
T T T T T T T T

-120 -100-80 —-60 -40 -20 0 20 40 60 80 100 120

Lateral displacement (mm)

~~~~~~ I-ECC50-0.2
—— Lateral load
(b)
Drift (%)
-6.0-5.0-4.0-3.0-2.0-1.0 0.0 1.0 2.0 3.0 40 50 6.0
R L
150 4 33
100 - 22 o
= Flexural cracks Connection failure
é 50 1 & !
= <
g 0+ 0o £
= =
< -50 -1 8
= 3
-100 =22
-150 -33

T T
-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
Lateral displacement (mm)

~~~~~~ Test
—— Analysis
(©)

FiGgure 13: Continued.



10 Advances in Civil Engineering

Drift (%)
-6.0-5.0-4.0-3.0-2.0-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
L L
150 33
100 22 Concentration of
— = flexural cracks
g 50 & i
= =
R o 3
= =
5} o)
§ -50 g
-100 -22
-150 A -33
T T
-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
Lateral displacement (mm)
~~~~~~ Test
—— Analysis
(d)
Drift (%)
-6.0-5.0-4.0-3.0-2.0-1.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
Y s s s ey M
150 33
100 - 22
_ = Concentration of
é 50 11 _a* flexural cracks
< 9
g oA 0o 3
= =
2 504 -1 g
<
= S a&
100 ~ 22 Connection
150 _33 failure
-120-100-80 -60 —-40 -20 0 20 40 60 80 100 120
Lateral displacement (mm)
~~~~~~ Test
—— Analysis
(e)
Drift (%)
-6.0-5.0-4.0-3.0-2.0-1.0 0.0 1.0 2.0 3.0 40 5.0 6.0
T e S A T T R
150 4 33
Concentration of
100 + 22 flexural cracks
z Z
g 50 g
9 ]
E oo o F
E E
§ -50 - -11 §
-100 - -22
-150 - -33
-120-100-80 -60 -40 -20 0 20 40 60 80 100 120
Lateral displacement (mm)
~~~~~~ Test
—— Analysis
()

FIGURE 13: Predicted story shear forces versus horizontal displacement and crack pattern. (a) RC-control. (b) PC-150-0.2. (c) PC-50H-0.1.
(d) PC-125H-0.1. (e) PC-O50-H-0.1. (f) PC-O25-H-0.1 (exterior).



Advances in Civil Engineering

was applied to the same location in second step, cyclically.
The same loading histories as those used in the analysis of
specimens without axial loading were applied, and the story
shear force versus horizontal displacement plots corre-
sponding to different axial load levels were plotted for
specimen PC-150-0.2. It can be seen that Specimen inter
series attained an optimum value of ultimate story shear
when axial load ratio was (N/A, f !) = 0.2. Therefore, the
analysis results suggested that the axial load (N/A, f )<0.3
was beneficial to the joints’ performance. However, the axial
load ratio (N/A, f !)>0.3 was found to be detrimental as it
reduces the story shear and energy dissipation of the joint
(refer to Figure 14).

4.2. Formation of Plastic Hinge. When designing the rein-
forced concrete frame, the most important design consid-
eration is the moment strength ratio of beam and column
and plastic hinge location. Furthermore, steel plates would
be a very important design parameter because this parameter
determines the strength and stiffness of beams.

The moment strength ratio is defined as the ratio of the
sum of the nominal moment strengths of the column above
and below the joint to the sum of the nominal moment
strengths of all the beams in one plane framing into the joint.
Theoretically, a moment strength ratio greater than one
should cause the plastic hinges to form in the beams and not
in the column. However, ACI318 Building Code [2] and
ASCE-ACI Committee 352 recommend the moment
strength ratio to be greater than or equal to 1.2 and 1.4,
respectively. For the beam failure of proposed connection,
specimens were designed to have the moment strength ratio
as 1.6. For designing the proposed connection system more
economically, plate length and thickness should be exam-
ined widely. Therefore, in this section, FE models were
investigated. Investigated range of connection detail was
determined according to the moment strength ratio of 1 to
1.6.

As a result of finite element analysis, the capacity of
beam-to-column joint specimen could be determined by the
strength of beam for most cases. However, the failure mode
of the beam-to-column specimen for the case of moment
capacity ratio 1 had shown beam-joint failure. Other test
specimens which have a moment strength capacity of
1.2~1.6 have shown beam failure mode. As the moment
capacity ratio increased, the plastic hinge location moved to
the outside of the joint. And cracks were more concentrated
to plastic hinge. It is shown in Figures 15 and 16.

Strain distribution is very important information for
plastic hinge location; from the strain information of FEA
results, plastic hinge location was clearly observed. All
specimens have experienced yielding of reinforcements.
However, decreasing the moment strength ratio decreases
the stress in plastic hinge region. At low level of moment
strength ratio, yielding of reinforcement was shown latterly,
than other cases of specimens. It is shown in Figure 17.
Furthermore, to verify the contribution of steel plate and to
locate the plastic hinge region, more FE analyses were
performed. As described above, the stiffness of the beam
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FIGURE 14: Load-displacement predictions under different axial
loading levels (specimen PC-150-0.2).

section is the main parameter for locating plastic hinge
region. As a result of FE analysis, the crack pattern of each FE
model, which has different lengths of connecting plate, is
clearly different. The location of plastic hinge was deter-
mined by the length of plates clearly. This is shown in
Figure 18.

5. Design Consideration

To determine the moment capacity of bolt connection, the
strain distribution of bolts and connecting plates should be
investigated. Because bolt strain cannot be measured from
the test, 3D finite element analysis was performed. Because
too many components were needed to compensate details of
the proposed connection system, analysis was performed in
monotonic loading, only. The finite element model consisted
of 3 parts: concrete parts, steel parts, and reinforcement. For
the reality of finite element modeling, each part was modeled
separately. And reinforcements were embedded in concrete
components. These models are illustrated in Figure 19.
Boundary conditions and other restraints are made with the
same method of 2D finite element analysis.

As a result of finite element analysis, stress contour and
strain field were provided. Especially, stress and strain of
bolts components were investigated for the distribution of
resultants forces for connecting area. The stress distribution
is illustrated in Figure 20. In the connecting area, most of
stress was concentrated in end of the plate. Because stress
was flowing along the normal direction of contact area, stress
concentration of concrete was shown at the end part of the
steel plate. However, concrete of the column remained in
elastic range. For locating the plastic hinge of beam ele-
ments, the stress distribution of reinforcements was inves-
tigated. Basically, stress was concentrated at the end of the
steel plate. Therefore, using the proposed connection system,
plastic hinge could be controlled by the plate length. This is
shown in Figure 21. For the design purposes, stress
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FI1GURE 19: Finite element modeling (embedded components). (a) Concrete part. (b) Steel plate part. (c) Reinforcement part. (d) Total modeling.
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TABLE 4: Stress distribution and resultant force results.

Strain compatibility

FEM

Element ID Stress type
Stress (MPa) Resultant force (kN) Stress (MPa) Resultant force (kN)

El 1 Tension 400 624 368 574
EL 2 Tension 280 302 253 272
EL 3 Tension 180 151 150 125
El 4 Tension 90 76 65 54
EL 5 Compression 92 77 113 94
El 6 Compression 200 73 253 92
Cc Compression 30 770 36 720

distribution of connecting steel plate would be needed.
Using the information of stress distribution at the center of
bolt element, which was described in this section, resultant
force could be calculated. This is also shown in Figure 22.

Neutral axis was formed at the third bolt from the
compressive extreme fiber. Because stiffness could be in-
creased with the composite action at compressive area,
compressive stress area was bigger than tensile one. Provided
stress is shown in Table 4.

6. Conclusion

FE models used in this study well predict the behavior of test
specimens. However, the initial stiffness problems en-
countered by the embedded truss model should be solved for
the more wide parametric study such as serviceability check
in design process.

According to the parametric study, the effect of axial load
was investigated. There is a reduction in story shear and
ultimate number of cycles after enhancement in axial load
ratio beyond 0.3 (ie, (N/Agfé) >0.3). Therefore, the
analysis results suggested that the axial load (N/A, f() >0.3

was beneficial to the joint’s performance. However, the axial
load ratio (N/A, f !)>0.3 was found to be detrimental as it
reduces the story shear and energy dissipation of the joint.

Plastic hinge region is very important design criteria
for frame action. From the result of the parametric study,
plastic hinge location is determined by the moment
strength ratio and plate length. Generally, plastic hinge
was formed far from the column face with the increase of
moment strength ratio. It was clarified by investigating the
stress distribution of reinforcement. For low value of
moment strength ratio, reinforcement is hard to yield and
plastic hinge cannot be formed easily, in the area of plate
installed area. However, the length of plates is an im-
portant parameter for location of plastic hinge. Investi-
gation from the test and FE model revealed that plastic
hinge occurred at the end of steel plates. Therefore, using
the proposed connecting system, plastic hinge location
can be controlled by the designers.

Complicated 3D model for the proposed connecting
system would be used for design strength calculation for
connection. The stress distribution of bolt elements is similar
to the stress distribution resulted from strain compatibility
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methods. Therefore, the proposed connection can be
designed using conventional design methods.
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In order to reveal the influence of freezing and thawing on fatigue properties of the prestressed concrete beam, a kind of novel
freeze-thaw test method for large concrete structure components was proposed, and the freeze-thaw experiments and fatigue
failure test of prestressed concrete hollow beams were performed in this paper. Firstly, the compressive strength and dynamic
elastic modulus of standard specimens subjected to different numbers of freeze-thaw cycles (0, 50, 75, and 100) were determined.
Then, the static and dynamic experiments were performed for prestressed concrete beams under different freeze-thaw cycles.
Depending on the static failure test results, the fatigue load for the prestressed concrete beam model was carried out, the fatigue
tests for prestressed concrete beam under freezing and thawing cycles were done, and the influence of fatigue loading times on
dynamic and static characteristics of prestressed concrete beam was also studied. Finally, the relation between fatigue char-
acteristics and numbers of freeze-thaw cycles was established, and the fatigue life prediction formulas of prestressed concrete
beams under freeze-thaw cycles were developed. The research shows that the freezing and thawing cycles had obvious influence on
fatigue life, and the freezing and thawing cycles should be taken into account for life prediction and quality evaluation of

prestressed concrete beams.

1. Introduction

Because of excellent crack resistance and spanning perfor-
mance, prestressed concrete structures have been applied
extensively in single building structures, highway bridges,
offshore, chemical building docks, airports, large tonnage,
and other special complex structures. However, prestressed
concrete structures inevitably suffer from excessive erosion
from the natural environment. In cold climates with greatly
contrasting temperatures, concrete bridge structures often
experience freeze-thaw damage, which results in the de-
creased durability of bridges as time progresses, which may
eventually lead to the attenuation of the service life of the
bridge. Bridge structure disease and collapse accidents have
happened caused by freeze-thaw damage in recent decades.
Because prestressed concrete bridges have been widely used
and assume a vital role in traffic engineering operations, it is

critical to strengthen the freeze-thaw durability of pre-
stressed concrete structures.

Several studies have focused on the frost-resisting per-
formance of prestressed concrete structures. The main
theories and academic hypotheses on the mechanisms of
concrete freezing and thawing damage are the theory of ice
crystal formation, hydrostatic pressure hypothesis, osmotic
pressure hypothesis, Litvan freeze-thaw damage theory,
critical saturated degree theory, etc. [1]. The most acceptable
theories are hydrostatic pressure hypothesis and osmotic
pressure hypothesis [2, 3]. He et al. [4] studied the influence
of different factors on the temperature field distribution of
the slurry in the low-temperature freeze-thaw cycle. The
results indicated that several factors such as adding fine
aggregate, reducing water-to-cement ratio, and low water
content could improve the freeze-thaw cycles resistance of
cement-based materials to a certain extent.
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Studies have shown that the frost-resisting performance
was related to internal pores, water saturation degree, and
concrete strength. Hua et al. [5] divided cement mortar
specimens into cement mortar and rubber particles, which
were, respectively, represented by RSS and CR parameters.
Typical correlation method and Szpilman correlation
method were used in the analysis. The statistical analysis
shows that CR has a high correlation with the residual
strength of specimens after freeze-thaw cycle. Jin and Zhao
[6] used hydraulic servo test system to test different inter-
mediate stress ratios of 100 mm concrete under triaxial
compression. The results show that the triaxial compressive
strength is greater than the biaxial compressive strength and
uniaxial compressive strength after the same rapid freeze-
thaw cycle.

Vesa [7] has statistically studied the deterioration of
concrete due to frost action in nonsaline and saline envi-
ronments. The most significant variables affecting freezing-
thawing durability of concrete were calculated statistically
and the estimated response surface profile was obtained. The
water-cement ratio and air content of concrete are the main
factors affecting the internal and surface damage of concrete
under freezing-thawing load. On the other hand, Zhao et al.
[8] studied the influence of basalt fiber and freeze-thaw cycle
on the impact failure mechanism of concrete by means of the
concrete beam falling ball impact test. In the early stage of
freeze-thaw, the impact energy loss was the fastest and the
largest, indicating that freeze-thaw cycle would cause
damage and defects to the fiber/matrix interface, thus
gradually losing the strengthening effect of three-dimen-
sional fiber system. The experimental study provides a new
way to understand the influence of fiber and freeze-thaw
cycle on the impact resistance of concrete.

Wu et al. [9] conducted freeze-thaw cycle tests on forty-
eight 300 mm cubes of compound concrete and seventy-two
100 mm cubes of FC or demolished concrete, respectively,
and determined the compressive failure strength and
splitting failure strength of freeze-thaw specimens. With the
increase of freeze-thaw cycles, the tensile splitting strength of
composite concrete decreases faster than that of FC, while
the decline trend of compressive strength is not very ob-
vious. Rui et al. [10] studied the matching of pervious
concrete with different matrix types, pore system charac-
teristics, and fiber reinforcement characteristics. The influ-
ence of matrix, pore system characteristics, and fiber
reinforcement on the freeze-thaw durability of pervious
concrete is investigated and potential freeze-thaw failure
mechanisms are discussed. Ababneh and Xi [11] proposed
an ultrasonic wave model that evaluates concrete salt-
freezing damage using pulse velocity and resonant fre-
quency, and the degree of freeze-thaw damage was obtained.
Wu et al. [12] regarded mass loss as the variable representing
the degree of concrete freeze-thaw damage and proposed a
mass loss model. Zhao et al. [13], based on the horizontal
strain field on the specimen’s surface, a damage degree
factor, and a localization factor, proposed to describe the
bending damage and failure characteristics of the specimens,
with a further analysis of the effect of the fiber content and
freeze-thaw cycles on the characteristics. The experimental
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results show that the failure process can be divided into three
stages: the microfracture dispersion, the macrocrack selec-
tion, and the main crack propagation. However, Boyd et al.
[14] studied the influence of freeze-thaw metamorphism on
the tensile fatigue life of aerated concrete at the initial stage
of metamorphism. The results indicated that even though
the ultimate static tensile strength of the specimens did not
vary significantly due to the freeze-thaw cycles, the residual
fatigue properties were degraded. Cho [15] described freeze-
thaw damage of concrete using strain change and established
a limit function relation between residual strain and the
experimental results, and an equivalent plastic strain and its
limit state function were established. Peng et al. [16] studied
the effect of freeze-thaw cycles on interfacial bonding be-
tween concrete and ordinary concrete, high-strength con-
crete, and additional freeze-resistant concrete by pull-out
tests. It is found that the freeze-thaw cycle results in a
significant decrease in the compressive strength of ordinary
concrete, while the strength of high-strength concrete and
concrete mixed with water-reducing agent and air-
entraining agent does not. Guo et al. [17] conducted rapid
freezing-thawing cycle tests of 0.4, 0.5, and 0.6 water-cement
ratios (W/C), respectively, in 0% (water), 1%, and 5%
Na,SO, solutions to study the sulfate freezing-thawing cycle
performance of ordinary concrete. The results show that, due
to the coupling effect of freeze-thaw cycle and sulfate cor-
rosion, the damage of concrete freeze-thaw cycle in Na,SO,
solution is greater than that in tap water. Vesikarle [18]
obtained the number of frost resistance cycles of concrete by
rapid freezing and thawing test cycles, and the service life of
concrete was proposed by concrete freeze-thaw cycles fixed
in the actual environment every year. Chen et al. [19]
conducted experimental research on the degradation of
compressive strength of concrete under compressive load
and freeze-thaw cycle. The results showed that, based on the
degradation model, the freeze-thaw cycle failure evolution
model of concrete surface under compression load was
established. Wang et al. [20] investigated the loss of shear
strength and the mechanism of degradation caused by
freeze-thaw cycles through shear tests on the cement-
sandstone bonding interface and the material itself. The
results show that the shear strength decreases linearly with
the increase of freeze-thaw cycles and increases linearly with
the increase of normal stress.

In order to effectively evaluate the mechanical properties
of concrete after seawater freezing-thawing and seawater
erosion, Zhang et al. [21] conducted mechanical properties
tests of concrete after seawater freezing-thawing and sea-
water erosion based on large static and dynamic stiffness
servo press. The experimental results show that the com-
pressive strength and elastic modulus of concrete axis
gradually decrease and the tensile and compressive merid-
ians of strength criterion gradually shrink with the increase
of the cycles of dry and wet cycle and freeze-thaw cycle.
Sinha et al. [22] proposed a concrete “deformation
uniqueness” in the study of structure fatigue. Matapob [23]
described two typical problems of concrete flexural members
under repeated load: (1) the influence of steel structure on
the strength of flexural reinforced concrete members, crack
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formation, and stiffness; (2) some problems on the calcu-
lation theory of the fatigue structure of reinforced concrete.
Schlafli and Brithwiler [24] conducted a fatigue test on 27
reinforced concrete decks to study the relationship between
midspan deflection, concrete strain, and the number of
action cycles. Aas-Jakobsen and Lenschow [25] proposed a
universal fatigue strength formula for concrete. Further-
more, Tepfers and Kutti [26] perfected the universal fatigue
strength formula by a series of tests, and the coeflicients were
obtained. Zhao [27] performed a test on 16 slabs and an-
alyzed the influence of reinforcement ratio, number of fa-
tigue cycles, and performance of fatigue cycle on fatigue
crack, deformation, failure mode, and fatigue resistance
capacity of normal section of reinforced concrete slab.
Normal section and crack calculation methods for rein-
forced concrete slab were proposed under fatigue load. Zhao
[28] systematically described the fatigue deformation of
reinforced concrete and crack and proposed normal section
and oblique section fatigue strength models for reinforced
concrete and prestressed concrete.

Reinforced concrete tends to suffer internal damage under
fatigue actions; that is, it is a period during which fatigue crack
brings out, extends, and makes structure broken. The biggest
difference between fatigue damage and normal damage is the
cumulative fatigue damage period experienced as the load cycles
increase. Cheng and Shen [29] pointed out that fatigue lifetime
consists of three consecutive stages: fatigue crack formation,
fatigue crack propagation, and fatigue damage. Fatigue damage
models can be roughly divided into three categories. The first
category does not consider the actual performance degradation
mechanism for an S-N curve or a similar figure. The second
category indicates residual strength. The residual stifiness model
of the third category is a damage development model. Yi et al.
[30] used linear elastic fracture mechanics to obtain the rota-
tional stiffness expression of the crack section of a concrete
member, based on the dynamic test data for four prestressed
concrete hollow slabs and their damage performance. Yeo et al.
[31] estimated the extent of damage by the static response data
of structure. Vestroni and Capecchi [32] identified the damage
of structures based on available beam frequency data.

Standard plain concrete or ordinary small reinforced
concrete member is gradually becoming the main focus in
freeze-thaw and fatigue tests of concrete. Fu [33] performed a
fatigue experiment on beams with 0.515m length which have
experienced freeze-thaw erosion, studied component failure
mechanism for different freeze-thaw cycles, and discussed the
influence of prestressed concrete on freeze-thaw resisting
damage as well as the relationship between prestress level,
freeze-thaw cycles, and fatigue performance. Lu et al. [34]
showed that, for the concrete specimens after exposure to only
freeze-thaw cycling or to a combination of freeze-thaw cycles
and fatigue loading, with the increase of freezing and thawing
cycles, the specimen masses firstly increase and then decrease,
whereas the relative dynamical elastic modulus gradually de-
creases. In addition, Shi et al. [35] points out that the reliability
results are in good agreement with the percentile rank method.
Furthermore, Liu et al. [36] performed a fatigue test after the
prestressed concrete beams experienced several freeze-thaw
cycles and analyzed attenuation law of structure stiffness under

fatigue cumulative damage, which states that the greater the
number of freeze-thaw cycles is, the more severely beams bend
downwards.

To sum up, most of the literatures at home and abroad
mainly focus on freeze-thaw cyclic corrosion test or fatigue test
on standard ordinary concrete members or ordinary small
reinforced concrete members. However, there are few re-
searches on freeze-thaw test and fatigue failure test of pre-
stressed concrete hollow beams with large concrete
components. In view of this, a new freeze-thaw test method for
large concrete members is presented in this paper, and the
freeze-thaw test and fatigue failure test for prestressed concrete
hollow beams are carried out. Finally, the relationship between
fatigue characteristics and the number of freeze-thaw cycles is
established, and the fatigue life prediction formula of prestressed
concrete beams under freeze-thaw cycles is established. The
freeze-thaw cycle has obvious influence on the fatigue life, so it
should be considered in the life prediction and quality evalu-
ation of prestressed concrete beams.

2. Freeze-Thaw Test

2.1. Model Design and Construction. Prestressed concrete
hollow beams with concrete grade C50 were used in the test.
The mixing proportion of the mixture is shown in Table 1.

The prestressed concrete hollow beam was designed
using a 1 x 7 stranded wire with ultimate tensile strength
of 1860 MPa, diameter of 12.7 mm, and calculating area of
98.7 mm?. The regular reinforcement consists of a lon-
gitudinal bar, stirrup, and bearing rod with a diameter of
6 mm. Table 2 summarizes the mechanical property of the
regular reinforcement.

The length of the prestressed concrete beam was 2 m
with 320 mm height and 500 mm width, while its inner
hollow part is 220 mm high and 400 mm wide. There were
three prestressed stranded wires in the bottom flange and
16 evenly spaced (100 mm) stirrups in the midspan of the
beam. The spacing between the other four stirrups was
relatively narrow (50 mm). Figure 1 illustrates the beam
section and reinforcement.

2.2. Freeze-Thaw Test and Test Data. Three groups of pre-
stressed concrete beams and C50 concrete cubes were used
in the freeze-thaw test. The numbers of freeze-thaw cycles
were 50, 75, and 100, respectively. Moreover, an NM-4 A
nonmetal ultrasonic detector was used to detect the relative
dynamic modulus of elasticity of C50 concrete cubes after
the freeze-thaw test. Equations (1) and (2) give the formula
of relative dynamic modulus of elasticity [11]:

_(1+y)( +20)pV° _(1+v)( +20)pL’

E 1
4 I-v (1- )t (n)
2 2
d:@;&;(&) (2)
©Ey Vé T,

where E, is the dynamic modulus of elasticity, v is Poisson’s
ratio, p is the concrete density (kg/cm’), L is the length of
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TaBLE 1: Concrete mixing proportion.
Cement Fly ash River sand Macadam Polycarboxylic acid type water-reducer Water
450 50 722 1035 5 160
TaBLE 2: Ordinary steel mechanical property.
Reinforcement Tensile strength design value (MPa) Compressive strength design value (MPa) Elastic modulus (ep)
6 330 330 2.0x10°
500 0.8 [38]. Figures 2 and 3 illustrate the schematic of static load
876 test and actual device, respectively.
|-—-| Prestressed concrete hollow slab shows large deforma-
2 ® - - - - - tion, and the upper concrete is nearly broken when the static
-+ load is 200kN. The static load changes slowly on the
specimen when it is 200-245 kN. But when the load is up to
245kN, the specimen is completely crushed, and the dis-
=l g placement of midspan part changes acutely. In view of the
ol experiment phenomenon and the related strain deflection
data, the ultimate limit fracture of the test beam is
Py = 200 kN,
2 | =0 0 Qs

50 400 50

FiGURE 1: Beam section and reinforcement (unit: mm).

component (m), t is the propagation time of ultrasonic
testing (us), E,4 is the relative dynamic modulus of elasticity,
T, is the propagation time of ultrasonic testing in concrete
cube before erosion, and T, is the propagation time of ul-
trasonic testing in concrete cube after erosion. During the
erosion process, Poisson’s ratio v of concrete is insensitive
and changes slightly.

Pressure testing machine was used to test the com-
pressive strength of C50 concrete cubes, which is computed
by the following equation [37]:

F
fc = 095 Z, (3)
where f_ is the compressive strength of concrete cube, F is
the failure load, and A is the pressure-bearing area.

Tables 3 and 4 summarize the relative dynamic elastic
modulus and compressive strength data, respectively.

According to Table 3, the relative dynamic elastic
modulus of the same C50 concrete reduced as the number of
freeze-thaw cycles increased, and the speed of ultrasonic
wave through C50 concrete reduced. The internal parts of
the concrete begin to experience gradual increase in damage
as freeze-thaw cycles increase.

3. Fatigue Load Experiment

3.1. Static Load Test. Static load test was performed before
fatigue load experiment to determine the ultimate bearing
capacity of prestressed concrete beam. Based on the ultimate
bearing capacity, the fatigue stress ratio was determined as

3.2. Fatigue Cycle Test. Fatigue load experiments were
performed on beams that experienced 0, 50, 75, and 100
freeze-thaw cycles. Figure 2 illustrates the load method,
while Table 5 summarizes the fatigue limit load and load
frequency.

The fatigue test was performed using a hydraulic fatigue
testing machine. The dynamic performance tests were car-
ried out after 5.0 x 10° fatigue load times. The appearance
and development of crack were observed continually, and
the component was considered as failure and the test was
stopped when the crack width was up to 0.2 mm. As shown
in Figures 4 and 5, the electronic strain gauges and vibration
pickups were used to collect test data.

3.3. Data and Analysis of Fatigue Test Results

3.3.1. Numbers of Failure Fatigue Load Actions and Cracking
Load Actions. As the freeze-thaw cycles increased, the crack
width was up to 0.2mm and the test was stopped. The
numbers of failure fatigue load and cracking load actions
differed when four groups of prestressed concrete beams
cracked. Figures 6 and 7 illustrate the numbers of cracking
load actions and failure fatigue load actions, respectively.

In Figure 6, the number of cracking load actions de-
creased as the freeze-thaw cycles increased. Comparing 50
freeze-thaw cycles with 75 freeze-thaw cycles, the number of
cracking load actions decreased slowly, while the number of
cracking load actions of beams that experienced 100 freeze-
thaw cycles decreased rapidly.

These phenomena indicate that the beams cracked before
the freeze-thaw cycles increased such that the crack resis-
tance of the beams decreased very rapidly after relative
multiple freeze-thaw cycles equal to the number of failure
fatigue load actions. In Figure 7, the increase in freeze-thaw
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TaBLE 3: Relative dynamic elastic modulus of concrete cubes ex-
periencing different freeze-thaw cycles.

Number of freeze-thaw Relative dynamic elastic modulus

cycles (%)
0 100
50 87.1
75 84.9
100 78.6

TaBLE 4: Average compressive strength of concrete cubes experi-
encing different freeze-thaw cycles.

Number of freeze- Average fracture = Average compressive

thaw cycles load (kN) strength (f.,)
0 553.600 52.59
50 482.000 45.79
75 471.300 44.77
100 455.500 43.27

cycles led to a decrease in the fatigue life. The cracking load
action has a similar degradation rule.

3.3.2. Data of Static Load after Fatigue Action.
Freeze-thaw cycles are a variable of fatigue loading causing
accumulated damage. Static and dynamic load tests after
5.0x 10’ fatigue load actions are means of monitoring the
beam performance. A fatigue experiment was carried out for
four groups of prestressed concrete beams, where the
numbers of loading actions are 0, 5.0 x 10°, and 1.0 x 10°. A
level 3 loading test was then performed, where the loads are 5
ton, 10 ton, and 15 ton. Figure 8 illustrates the midspan
compressive strain for different freeze-thaw cycles before
fatigue action, while Figure 9 illustrates the midspan tensile
strain for different freeze-thaw cycles before fatigue action.
Figure 10 illustrates the midspan displacement for different
freeze-thaw cycles before fatigue action.

Figure 8 illustrates that the force made frost heave cracks
close gradually in the compressive zone as the freeze-thaw
cycles increased, thereby resulting in an increase in the
concrete compressive strain. Comparing the results of 0, 50,
and 100 freeze-thaw cycles with 50, 75, and 100 freeze-thaw
cycles, the increase in freeze-thaw cycles accelerated the
increase in compressive strain of concrete at the upper flange
plate of the beam.

In Figure 9, compared with beam that never suffered
freeze-thaw cycles, tensile strain increment of the beam’s
lower flange plate that suffered different freeze-thaw cycles is
little. The results of 50 and 75 freeze-thaw cycles have same
parts, and the results of 100 freeze-thaw cycles are evident.
But range ability is not rapid as compressive strain.
Meanwhile, the expansion coefficients of concrete and steel
are similar. Hence, the influence of freeze-thaw actions on
cementing action between prestressed wire and concrete is
insignificant.

Data acquisition and data processing were carried out
after every 5.0 x 10° fatigue action cycles. The same-level load
(15 tons) was selected to observe the change in the strain of

5
[ ]
(3] Q
Guiding beam Guiding beam -
Test beam &
A O
100 600 ) 600 ) 600 100
FIGURE 2: Schematic diagram of static load (unit: mm).
FIGURE 3: Loading equipment and methods of static load.
TasLE 5: Fatigue limit load and load frequency.
Specimen Maximum Minimum Frequenc
nimber fatigue load fatigue load ((%-Iz) Y
F . (KN) F i (kN)
D-0 160 60 5
D-50 160 60 5
D-75 160 60 5
D-100 160 60 5

beam. The beams used in all the tests below suffered different
freeze-thaw cycles and then suffered fatigue action. Figure 11
illustrates the midspan strain of the beam’s upper flange
plate, whereas Figure 12 illustrates the change in midspan
tensile strain of the beam’s lower flange plate. Moreover,
Figure 13 illustrates the change in midspan displacement of
the beam’s lower flange plate, whereas Figure 14 illustrates
the change in compressive strain of the beam’s upper 1/4
part. In addition, Figure 15 illustrates the change in tensile
strain of the lower 1/4 part of the beam, whereas Figure 16
illustrates the change in the midspan displacement of the
lower 1/4 flange plate of the beam.

From Figures 11-15, the following can be observed: (1)
The strain and displacement of prestressed concrete beams
that experienced freeze-thaw cycles were larger in com-
parison with the prestressed concrete beams that did not
experience freeze-thaw cycles. In this situation, the change in
compressive strain of the midspan part of the beam is ev-
ident. The compressive strain increased as the freeze-thaw
cycles increased such that the compressive strain increased
rapidly for 50 freeze-thaw cycles. This tendency is mainly
reflected in the static load test on the test beams with dif-
ferent freeze-thaw cycles (50, 75, and 100 times). The
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FIGURE 6: Fatigue loading times of beams with different freeze-thaw
cycles.

2.5 x 10° . : . T T

2.0x10° | .

1.5x 100 | i

1.0x 100 | .

5.0x%10° | -

Number of fatigue cycles

0.0

0 25 50 75 100 125
Number of freezing and thawing cycles

FiGURE 7: Fatigue loading times of beams with different freeze-thaw
cycles.

different freeze-thaw cycles the beam suffers, the more the
number of freeze-thaw cycles is and the bigger the com-
pressive strain is. Moreover, the compressive strain increases
considerably as the freeze-thaw cycles increase similar to
midspan displacement. Thus, the compressive strain of the
beam’s upper flange plate increased as the number of freeze-
thaw cycles increased. For 5.0 x 10> fatigue loading actions,
the strain increases rapidly as the beam suffers 100 freeze-

Advances in Civil Engineering

-50 4
-100 -

Strain (ue)
A
o U1 © 1 © W
o o o o o ©

LI
/4

././

| I

—450 | \ ]

~500 I I |
50 100 150
Load (kN)
—a— 0 —A— 75
—eo— 50 —-v— 100

FiGure 8: Compressive strain at the top of the test beam under
three-stage loading for different freeze-thaw cycles before fatigue.
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Figure 9: Different freeze-thaw cycles before fatigue test load
under tensile strain beam span.

thaw cycles. This may be due to the development of cracks or
concrete failure. (2) Considering the tensile strain in the
midspan and 1/4 bottom part of the beam, the bottom strain
of four groups of beams increases slightly. In Figure 12,
when fatigue loading actions reach 1.0x10° times, the
difference that freeze-thaw cycles lead to is evident com-
pared with the midspan tensile strain. Thus, the change rule
of tensile strain of the beam’s 1/4 parts is not evident. (3) In
Figures 13 and 16, the beam displacement increased as the
freeze-thaw cycles increased, thereby indicating that the
influence of freeze-thaw cycles on the bending performance
of beam is high. For example, the midspan displacement of
the test beams with the same fatigue times increases grad-
ually with the increase of freeze-thaw times.

To study the influence of freeze-thaw cycles on strain and
displacement of beam comprehensively, four groups of
beams were prepared as a test object, based on the condition
that the smallest number of fatigue failure loads is 5.0 x 10°.
To study the compressive strain at the top midspan of the
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FIGURE 11: Compressive strain at the top of the span under fatigue
action of test beams for different freeze-thaw cycles.
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FIGURE 12: Tensile strain at the bottom of the span under fatigue
action of test beams for different freeze-thaw cycles.

FIGURE 13: Midspan displacement of test beams subjected to fatigue
for different freeze-thaw cycles.

beam and displacement at the bottom midspan of the beam,
the number of fatigue loading actions of beam ranges from 0
to 5.0 x 10°. Figure 17 illustrates the percentage of increase of
compressive strain at the top midspan of the beam, while
Figure 18 illustrates the percentage of increase of dis-
placement at the bottom midspan of the beam.

In Figure 17, an expression could be obtained using the
number of freeze-thaw cycles N and percentage of increase Y
as follows:

50-75 freeze-thaw cycles: Y, = 0.000383539N
75-100 freeze-thaw cycles: Y; = 0.003262578N .

In Figure 18, an expression could be obtained using the
number of freeze-thaw cycles N and percentage of increase Y
as follows:

50-75 freeze-thaw cycles: Y = 0.319714795N
75-100 freeze-thaw cycles: Y = 0.43727398N
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FIGURE 14: Compressive strain at the top of 1/4 test beams for different freeze-thaw cycles.
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FIGURE 15: Tensile strain at the bottom of 1/4 test beams subjected
to fatigue for different freeze-thaw cycles.
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FIGURE 16: 1/4 displacement of test beams subjected to fatigue for
different freeze-thaw cycles.
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FIGURE 17: Percentage of increase of compressive strain of test
beam from 0 to 5.0 x 10° times for different freeze-thaw cycles.

In Figures 17 and 18, the two groups of histograms show
an increasing trend. The slope of the expression increased
and indicated that the beam’s compressive strain increased
significantly as the freeze-thaw cycles increased. This proves
that the failure of the upper parts of the beam develops
rapidly with the increase in freeze-thaw cycles under the
same fatigue actions, the midspan displacement significantly
increases, and downwarping occurs increasingly quickly.
These are similar to the situation where the amount of failure
fatigue load and the amount of cracking load decrease.

3.3.3. Dynamic Load Results after Fatigue Load. The dy-
namic load test includes a frequency test and dynamic
displacement test, daubing the yellow grease on the bottom
of vibratory sensors. The vibratory sensors were placed in a
similar way to that in Figure 5, and the results are illustrated
in Figure 19. Strain and displacement were measured in the
same manner. Moreover, an ultrasonic acquiring instrument
with a collecting frequency of 50 Hz was used in the dis-
placement test, where the test probes were placed at the
bottom and center of the beam. Then, a signal acquiring
instrument that was developed by Beijing Oriental Institute
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FIGURE 18: Percentage of increase of displacement test beam from 0
to 5.0x10° times for different freeze-thaw cycles.

of Technology was used to capture vibration and noise. The
test was then performed under fatigue loading actions, and
the results are illustrated in Figure 20.

The natural frequency decreased as the fatigue loading
actions increased and decreased as the freeze-thaw cycles
increased. In Figure 20, the crest value of dynamic dis-
placement increased after experiencing frost erosion and
after fatigue action for the same freeze-thaw cycles.

4. Conclusions

(1) As the freeze-thaw cycles increase, the time point of
crack failure of prestressed concrete beams crack
after freeze-thaw cycles under fatigue actions is
earlier than that of the beam without freeze-thaw
cycles. Furthermore, the speed of development of the
beam’s fatigue cracks is faster than that in the beam
that never suffered frost erosion.

(2) As the freeze-thaw cycles increase for the same
number of fatigue loading actions, the compressive
strain at the upper flange plate and the tensile strain
at the lower flange plate of the beam increase.
Moreover, as the number of freeze-thaw cycles in-
creases further, this tendency increases faster. The
change in the compressive strain at the upper flange
plate is significant. However, the change in tensile
strain is insignificant before 1.0 x 10° fatigue actions
and gradually becomes significant after 1.0 x10°
fatigue actions.

(3) The beam’s midspan displacement increases during
this process. Thus, freeze-thaw cycles have an in-
fluence on the blending resistance performance of
the test beam and accelerate the decrease in the
stiffness of the beam.

(4) Based on the strain and displacement histograms and
by fitting linear formula, we can see that, with an
increase in freeze-thaw cycles under the same fatigue
loading action, the compressive strain at the upper
flange plate and displacement of midspan tend to
increase. The compressive strain progressively in-
creases, which proves that the modulus of elasticity
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FIGURE 19: Fundamental frequency value of different freeze-thaw
cycle test beams under fatigue action.
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FIGURE 20: Peak value of dynamic displacement wave under fatigue
action of test beams for different freeze-thaw cycles.

decreases after the freeze-thaw cycles. Although the
freeze-thaw cycles accelerate the degree of deflection,
the increasing speed of displacement is lower than
the increasing speed of compressive strain. Thus, the
prestressed concrete beam’s health decreases.

(5) Depending on the data of the beam natural fre-
quency test, the natural frequency of the beams
decreases as the freeze-thaw cycles increase, as
damage occurs in the beam’s internal parts when
stiffness decreases during the frost period. Mean-
while, cracks occur in the beam under fatigue loading
actions. These cracks develop further, thereby
leading to a decrease in the bearing capacity and
stiffness of the beam. Thus, the natural frequency
decreases.
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The two-component foaming polyurethane is a kind of grouting material that has recently been widely used in engineering
structural repair. Its physical and mechanical properties are closely related to its microstructure. Therefore, the qualitative and
quantitative analysis of polymer microstructure has always been a research hotspot. The statistical characteristics of polymer
grouting material microstructure are investigated by six groups of specimens with different densities, and the density varies from
0.1 to 0.6 g/cm’. The microstructure morphology of polymer was observed and described by scanning electron microscopy (SEM),
and the microstructure feature parameters were extracted and calculated by image processing technology. The quantitative
analysis of section cell roundness distribution, cell diameter distribution, and polymer porosity shows that low-density polymer
materials have anisotropy. While the density exceeds 0.3 g/cm?, the cell structure tends to be spherical. The section cell diameters
obey a normal distribution, and when the density increases, the cell diameter decreases. The porosity of the polymer has a linear
negative correlation with the density. The polymer matrix has a density of 1.21 g/cm”. The microstructural information obtained in

this study will help establish a cell-based model to explain the mechanical response of rigid polymer foams.

1. Introduction

Nonwater reacted polymer grouting materials produced via
a two-component polyurethane foam are a new kind of
grouting materials [1]. Under grouting pressure, the polymer
material reacts chemically, expands in volume, and rapidly
solidifies [2]. This material has a good compressive strength
[3], relatively high tensile strength [4], and good water
impermeability [5]. It has been widely used in foundation
reinforcement, void filling, antiseepage plugging, and other
repair projects [6-9].

With the increase in engineering applications, the en-
gineering properties of polymer grouting materials have also
received extensive attention. In recent years, the research on
the engineering properties of rigid polyurethane (RPU) has
mainly focused on the relationship between material density,
cellular microstructure, and physicomechanical properties.
Hawkins et al. [10] studied the relationship between cell

morphology, density, and mechanical properties in different
positions of polyurethane samples with three mold sizes. The
results showed that there is a relationship between cellular
morphology and compression modulus and collapse stress
in foamed plastics. And the shape and direction of cell not
only affect the failure mechanism, but also affect the me-
chanical data. The authors of [11-14] studied the stress-
strain behavior, microstructure characteristics, fatigue be-
haviour, and failure mode of RPU grouting materials under
uniaxial compression, dynamic compression, and cyclic
loading. Studies have shown that RPU grout materials with
different densities show elastoplastic or atypical brittle
characteristic; the main mechanical properties increase with
increasing of density. In addition, the compressive failure of
the material was caused by a yielding of the cell edges, and
the manifestation of the microscopic fatigue failure was the
expansion of the cracks in the cell walls and buckling of the
cell edges. Ridha et al. [15] conducted experiments on the
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tensile properties of RPU materials, studied their micro-
structure characteristics, such as the size and geometric
composition of the cells and struts, and defined the cell
edges. The results showed that the cells were elongated under
a tensile load; therefore, the material exhibited anisotropy,
and the flexure of the struts at the cell edges were the main
mechanism controlling the deformation and failure. Zheng
et al. [16] conducted a study on RPU grouting materials
through three-point bending load and uniaxial compression
tests and analyzed the mechanical behavior using a cell
structure model. The results showed that the bending and
compressive strengths of the polymer increased with the
increase in density. In addition, with the increase in the
density, the cell size decreased, and the degree of edge and
corner polymerization between the cells decreased. There-
fore, the antidamage ability of the cell was enhanced and the
compression strength finally increased. Wu and He et al.
[17, 18] studied the failure of RPU foam under a high
temperature and vibration, and the degree of damage after
treatment was evaluated through its tensile properties. The
results showed that the tensile strength decreases with the
increase in vibration amplitude and time, and the vibration
failure of RPU foam was mainly due to the existence of
microcracks in the cell structure. With the increasing heat-
treating temperature, the stress concentration in the RPU
foam increased, and the tensile strength and modulus de-
creased due to the comprehensive effect of cell wall deg-
radation and the generation of new defects.

The microimages of polyurethane polymers directly
reflect many characteristics of the cellular structure.
Through image analysis, many characteristics of the cell
structure can be measured and characterized. According to
the different image types, the image analysis and charac-
terization methods of cell structure can be divided into 2D
image analysis method and 3D image analysis method
[19, 20]. The comparison between the two methods is shown
in Table 1.

Two-dimensional image analysis methods include mi-
croimage acquisition and computer image analysis methods.
The 2D image of the cell structure is usually obtained by
optical microscope (OM) [21-23] or scanning electron
microscope (SEM) [24, 25]. The objective magnification of
SEM can be changed from 10 times to more than 300,000
times. It can be used to detect small structural characteristics
of foam, such as structural defects that damage the foam of
samples [17, 18]. Computer image analysis method consists
of image processing technology and image analysis tech-
nology [26]. Image processing technology corrects the
blurring and other defects in the cell structure image and
strengthens the cell information, so as to achieve the basic
goal of correction and improvement of image quality. Image
graying and threshold segmentation are common methods
in 2D image processing. Computer image analysis tech-
nology refers to the extraction, description, and recognition
of the characteristics (porosity, cross-section size, and cross-
section shape of the cell) in the cell structure image based on
a certain algorithm. However, the 2D image of cellular
structure is a cross-section image of 3D structure, so the cell
structure characteristics reflected in 2D images are not
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directly equivalent to the actual size of the feature in three-
dimensional space. Therefore, it is necessary to transform
the features of 2D cell structure image into the actual 3D cell
structure parameters according to the principles of solid
geometry and statistics [27, 28].

In the same way, the 3D image analysis method needs to
acquire the micro 3D structure image and carry out the
computer 3D image processing. The 3D cell structure image
needs to be obtained by 3D imaging methods, including
optical tomography(OT) [29], laser confocal microscopy
(LCM) [30], magnetic resonance imaging (MRI) [31, 32],
X-ray computerized tomography (X-CT) [30, 33], and so on.
On the basis of complex 3D image processing algorithm,
three-dimensional cell structure analysis and characteriza-
tion of foam materials can be made by using a professional
3D image processing toolkit. Watershed segmentation and
minimum intensity pixelization-based method are two
commonly used algorithms for computer 3D image pro-
cessing [34, 35]. 3D images can reflect the cell morphology of
foam plastics in three dimensions, and the cell structure
information is much richer than 2D images. However, at
present, this technology needs to be improved. The acqui-
sition of 3D image is too expensive, and the processing is
complex and time-consuming, so it has not reached the stage
of extensive practical application.

In this study, the microstructure of polymer grouting
materials was observed and described by SEM, and the
geometric characteristics of the size and shape of the cells
under different densities were statistically analyzed with
image processing technology. The quantitative relationship
between geometric parameters such as cell content and size
to polymer density are established. The purpose of this work
is to provide a strategy for the research on the structure and
performance of polymer grouting materials and suggest a
potential method to study the mechanical properties and
strength mechanism of polymer.

2. Statistics of Polymer
Microstructure Characteristics

2.1. Test Overview. The two-component foaming polyure-
thane is primarily composed of polyols and isocyanates. The
raw materials (Wanhua Energysav Science & Technology
Group Co., Ltd., Yantai, Shandong, China) for the test are
shown in Figure 1. Specimen casting, density measurement,
and microstructure observation were carried out on the basis
of the current standard GB/T 8813-2008 [36], GB/T 6343-
2009 [37], and GB/T 12811-1991 [38]. The test mold adopts a
split central cylinder with an inner diameter of 50 mm and a
height of 600 mm, and the wall thickness is 10 mm. The one-
step mechanical pouring foaming process was used. The two
components, called white and black materials, were mixed
evenly and quickly into the mold at room temperature
(ambient temperature 15°C-20°C). After mixing, the two
materials reacted violently and foamed rapidly, and the mold
space was quickly filled. After 30 min, the specimen was
removed from the mold after forming, and after standing for
3 h, the specimen was cut into a cylinder with a height of
100 mm. The weight of each specimen was taken and
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TaBLE 1: Comparison of 2D and 3D image analysis methods.

Image analysis Image acquisition Computer image analysis method (software

method method packages and algorithms) Characteristic

Flexibility

Adobe Photoshop Simple operation

Matlab Wide amplification range
OM Image] . .
2D High resolution
SEM Image-Pro plus . . .
. Simple and fast target information
Image graying . d .
Threshold segmentation processing and extraction
2D to 3D conversion required
Mavi Rich information of 3D structure
X-CT . More information can be extracted
MRI Avizo No damage to the interior of the target test
3D Aphelion 3D :
ot Watershed segmentation piece
LCM & High cost of image acquisition

Minimum intensity pixelization-based method .
Complex processing

(e) ® (8

FIGURE 1: Raw material, sample preparation, and the primary instrument. (a) Material A; (b) material B; (c) grouting forming polymer; (d)
specimen of polymer; (e) observation sample; (f) target section spraying gold; (g) SEM.



recorded, its actual density was calculated, and the speci-
mens whose density met the requirements were numbered.
To analyze the microstructure morphology and statistical
characteristics of the polymer grouting materials, six groups
of densities were designed, which were 0.1, 0.2, 0.3, 0.4, 0.5,
and 0.6 g/cm’. The measured densities were 0.11, 0.25, 0.31,
0.40, 0.51, and 0.56 g/cm’, respectively.

The microstructure of the polymer samples was observed
by SEM. The samples used for the SEM test were processed as
follows. A cylindrical core sample was taken along the center
of the specimen with a core drilling machine (round drill bit,
outer diameter 38 mm, inner diameter 2.8 mm) and then cut
to a thickness of 20 mm on a machine tool. To improve its
conductivity, the target section of the sample was sprayed with
gold prior to the observation. A scanning electron microscope
(KYKY-EM6200, Beijing Zhongke Science and Technology
Co., Ltd., Beijing, China) was used to observe the section of
the sample, and structure images of the cells were taken.

2.2. Microstructure Feature Extraction

2.2.1. Microstructure Variables. The polymer grouting ma-
terial has a kind of cell structure, whose internal feature
parameters mainly include cell shape [34], cell size [39], cell
size distribution [25], and cell content [10]. The parameters
of roundness, cell diameter, and porosity are often used to
measure the above geometric characteristics. The definition
and calculation formula of each variable are as follows.

(1) Section roundness (1) is the percentage of the ratio of
47 times the area to the perimeter square [27],
represented in (1). The section roundness indicates
the degree to which each cell section tends to be
round. The percentage is closer to 100%, and the
shape of the cell section is closer to be a circle; that is,
when #n=100%, the cell section is circular.

4m - s

n= >
C

x 100%, (1)

where c is the perimeter of the cell section, and s is
the area of the cell section.

(2) Section cell diameter (d) is the calculated size of a
single cell in the cross-section. Each cell is equivalent
to a circle, and the cell size is represented by the
equivalent diameter of the circle. The length of the
line segment passing through the centroid of the cell
was measured every 2°, and then the average value,
which is recorded as the cell diameter, is calculated.

Section average cell diameter (d) is the arithmetic
mean of all cell diameters in the statistical section,
represented as

_ d.
d= Zan 2)

In this formula, d; is a possible value of the cell section
diameter, and #n; is the number of cells with a cell
diameter of d,.
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Standard deviation of section cell diameter (S) is the
distribution of the diameter of the cells in the statistical
section, represented as

1
S=\l—/—
N-1“

I3

(d;-d)’, (3)

M=

I
—

where N is the total number of cells in the sample, d; is
the diameter of any cell section, and d is the section
average cell diameter.

It is assumed that the cell is spherical and disordered.
When the number of cells on the SEM image tends to
infinity, there is also a quantitative relationship be-
tween the section average cell area and the average cell
diameter. As shown in Figure 2, when a 2D image plane
passes through a cell, the distance from the cross-
section to the center of the cell is random, and the
section area of the cell changes accordingly.

When the number of cells passing through the two-
dimensional image plane is large, the average cross-
sectional area of cells (A) tends to a fixed value related
to the cell diameter (D) [11], which is shown as
follows:

(4)

The cell diameter (D) can also be expressed by the
average cell cross-sectional area (A):

6 1/2_ o
D :(—) A" = 1384", (5)

where A is the area of any cell section, x is the distance
from the section to the cell center, and R is the cell
diameter.

The formula for calculating the standard deviation of
cell diameter can be obtained by the differential
equation (5):

6 1/2 _ _
Sp =<;> (A)'%s, =1.382(A) "%s,,  (6)

where Sp, is the standard deviation of cell diameter
and S, is the standard deviation of the sectional area
of the cell.

(3) Porosity (f) is the ratio of the gas phase volume to the
total volume, represented as

Vs

f= V_f (7)

In this formula, V', is the volume of the gas phase, and V' ;
is the total volume of the polymer.
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FiGure 2: Method of converting 2D area measured from SEM
image to 3D diameter of a foam cell in a RPU specimen.

It is difficult to directly measure the volume of the gas
phase; therefore, the gas phase is determined according to
the basic equation (8) of quantitative metallography [40].

VV = AA = LL' (8)

In this formula, V, is the volume fraction of the mea-
sured phase, A, is the area fraction of the measured phase,
and L; is the line segment fraction of the measured phase.

2.2.2. Analysis of the Structural Variables of Polymer
Grouting Materials. Image processing technology was used
to preprocess the SEM image. According to the definition of
the microstructure variables, relevant geometric parameters
in the image are extracted and the distribution character-
istics are analyzed. The main steps are as follows.

(1) Image preprocessing: The noncell information pixels
on the picture are cut out, and the image with the
largest size range is used. The size of the cropped
image is approximately 4 mm x4mm, and each
image can contain hundreds of cells, as shown in
Figures 3(a) and 3(b).

(2) Image reconstruction: Under the principle of image
fidelity, the cells in the SEM image are filled with
black by Image]J software. Then, the filled SEM image
is binarized to obtain black cells in a white back-
ground through MATLAB software, so that the
target cells are highlighted (none of the above op-
erations change the image pixel density). The
reconstructed SEM image is shown in Figure 3(c).

(3) Boundary processing: First, the incomplete cells at
the edges of the picture are removed. Some of the
cells in the material’s microstructure will be in
contact with each other, and the smaller the density
is, the more obvious this phenomenon is; therefore,
the boundaries need to be processed. Based on the
original image, the cells that touch each other are
segmented by the Split Objects function of the
Image-Pro Plus software. The SEM image of the edge

cell removal and the contact cell segmentation is
shown in Figure 3(d).

(4) Microstructure variable statistics: A pixel analysis is
performed on the image obtained from steps 2 and 3
by the Image-Pro Plus software. The porosity is
obtained from the reconstructed image, and the
other structural variable values are calculated from
the removed and segmented image. All measured
samples are counted, the microstructure variables of
the polymers are calculated, and their distribution
characteristics are analyzed.

3. Results and Discussion

3.1. Microstructure of Polymers. The formation of cells in
polyurethane polymer materials is mainly described by the
foaming process. Generally, the foaming process is divided
into three stages: the nucleation of small bubbles in the
liquid polymer, growth of small bubbles to a predetermined
volume, and stabilization of the cell structure [24]. After
curing, the polyurethane polymer material can be prepared.
Figure 4 shows the microstructure of polymers with different
magnification at different densities. Figures 4(a), 4(d), 4(g),
4(j), 4(m), and 4(p) are SEM images of the polyurethane
polymer materials at approximately 20 times magnification
for six groups of densities. It can be seen that, on the mi-
croscopic scale, the material is composed of closely con-
tacted and closed cells. The difference in the material density
is mainly due to the structural characteristics of the cells,
except for the density of the polymer matrix material. As the
density increases, the shapes of the polymer cells tend to
change from polygons to ellipses and circles, the cell di-
ameter decreases, the cell spacing increases, and the porosity
decreases.

For 0.11 g/cm® SEM image, in Figure 4(b) (magnified 100
times), the cell diameter is generally greater than 150 ym, the
cell structure is irregular and nonuniform, and the cell cross-
section is generally hexagonal. The contact surface (face)
between each cell is large, and the faces with a thin film
means that the cells have a high closed cell ratio. The strut is
between two adjacent faces. The vertex is at strut intersec-
tion. Most of the matrix material is concentrated on the
struts and vertices that make up the cell frame. In Figure 4(c)
(magnified 200 times), the faces are generally greater than
50 um, and the face shape is oval. There are usually twelve
faces in the cell, which means that the cell is a dodecahedron.
There are many triangle cut struts, and the struts are long
and thin. It can be seen that struts play a major supporting
role. Under load, struts will buckle and faces will crack [13].

For 0.25 g/cm’ SEM image, in Figure 4(e) (magnified 100
times), the cell diameter is generally greater than 120 ym,
and the cell structure is an ellipse with large ellipticity. The
number of intracellular faces slightly decreased, and the face
is relatively large. In Figure 4(f) (magnified 200 times), the
faces are generally greater than 40 ym, and the face shape is
round or oval. The number of intracellular faces decreased.
The struts become thicker and shorter, and the triangle cut
strut reduction.
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FiGure 3: SEM image processing steps for the polyurethane polymer microstructure. (a) Raw SEM image; (b) cropped image; (c)
reconstructed image; (d) removed and segmented image.

FiGURE 4: Continued.
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FIGURE 4: Microstructure of polymers at different densities. (a) 0.11 g/cm3; (b) detail of (a); (c) detail of (b); (d) 0.25 g/cm3; (e) detail of (d);
(f) detail of (e); (g) 0.31 g/cm3; (h) detail of (g); (i) detail of (h); (j) 0.40 g/cm3; (k) detail of (j); (1) detail of (k); (m) 0.51 g/cm3; (n) detail of (m);

(o) detail of (n); (p) 0.56 g/cm3; (q) detail of (p); (r) detail of (q).

For 0.31 g/cm® SEM image, in Figure 4(h) (magnified 100
times), the cell diameter is generally less than 260 ym, and
the cell shape is circular or elliptical. The face is relatively
small. The cells basically meet the closest packing. In
Figure 4(i) (magnified 200 times), the faces are usually less
than 50 ym, and the shape of the face tends to be circular.
The number of triangle cut struts further reduces, the po-
lygonal cut strut increases, and the length of strut is reduced.

For 0.40 g/cm’ SEM image, in Figure 4(k) (magnified 100
times), the cell diameter is generally less than 220 ym, and
the cell shape is an ellipse with very small ellipticity. Some
adjacent cells do not contact each other and there are a lot of
matrix materials between them, and the number of face
turther reduced. In Figure 4(l) (magnified 200 times), the
faces are usually less than 40 ym, and the faces are with a thin
film. The part of the adjacent triangular cut struts merges,
and the struts are wide and short.

For 0.51 g/cm® SEM image, in Figure 4(n) (magnified 100
times), the cell diameter of the specimen is generally less
than 180 ym, and the cell shape is round or oval with a small
ellipticity. The face is extremely small. The matrix material of
adjacent cells increased. In Figure 4(o) (magnified 200
times), the faces are usually less than 30 ym, and the number
of intracellular faces decreased significantly. The cut strut of
triangle is obviously reduced.

For 0.56 g/cm’ SEM image, in Figure 4(q) (magnified 100
times), the cell diameter of the specimen is generally less
than 150 ym, and the cell shape is basically round. There are
almost no windows mean cells do not touch. There are a lot
of matrix materials between cells. In Figure 4(r) (magnified
200 times), the faces are usually less than 20 ym. There are
almost no triangle cut struts. It can be seen that the strength
of polymer increases with the increase of matrix material
content and cell spacing [16].

3.2. Statistical Analysis of the Polymer Cell Geometry. By
observing the SEM morphology of the polyurethane poly-
mer material, an intuitive understanding of the cell structure
of the polymer is obtained, which provides a basis for de-
termining the geometric characteristics of the cell. The
statistical results of the roundness distribution, cell diameter
distribution, and porosity are as follows.

3.2.1. Section Roundness Distribution. Figure 5 is a section
cell roundness distribution diagram for polyurethane
polymer samples of each density. It can be seen from
Figure 4 that, for low-density materials, the section cells
with a roundness between 90% and 100% account for
only 50% to 70% of the total cells, and there are a few cells
with a section roundness less than 75%. The reason for
this phenomenon is that the cells squeeze each other due
to the increase in cell diameter, and the shape tends to be
an ellipsoid or an irregular polyhedron. When the
density of the polymer is higher than 0.3 g/cm’, the
proportion of cells with a section roundness of 90% to
100% is higher than 80%, and the section roundness of
most of the cells is higher than 75%. Therefore, with the
increase in density, the shape of the polymer cells tends
to be round.

As shown in Table 2, the statistical parameters of the
section roundness of the cells at each density is further
calculated. It can be seen that as the density of the polymer
increases, the average value of the section roundness of the
cells increases. By comparing the average values and median
of the section roundness at each density, it can be seen that
the anisotropy of the cells in the specimen is not serious,
especially that the high-density specimen is basically close to
the ball, which may be related to the location of the sample in
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FIGURE 5: Section cell roundness distribution of polyurethane polymer samples of various densities.

TaBLE 2: Summary of the statistical parameters of the section cell roundness.

Density (g/cm3) Average (%) Standard deviation

Minimum (%) Median (%) Maximum (%)

0.11 89.58 5.86
0.25 91.43 6.70
0.31 93.53 4.96
0.40 95.66 3.48
0.51 95.76 2.86
0.56 95.90 3.93

68.23 90.81 98.99
60.68 93.75 99.81
65.16 95.23 100
76.36 96.71 99.84
81.73 96.25 100
73.37 96.70 100

the specimen [10], so it is appropriate to use the average
sphere size to characterize the cell size in (4). When the
density exceeds 0.3 g/cm®, the section roundness of the cells
approaches 100%, and this result indicates that the shape of
the cells is closer to a sphere, and the macroscopic per-
formance is close to isotropic.

3.2.2. Cell Diameter Distribution. Figure 6 is a section cell
diameter distribution chart for the polyurethane polymer
specimens with different densities. It can be seen from
Figures 6(a)-6(f) that the section cell diameter distri-
bution of each density specimen basically follows the
normal distribution. As the density of the specimen
increases, the length and endpoint of the section cell
diameter distribution interval decreases. Figure 7 shows
a summary of the section cell diameter distribution. It
can be seen from Figure 7 that as the density of the
specimen increases, the overall size of the section cell
diameter decreases, and the degree of dispersion of the
section cell diameter distribution also decreases. And the
average section cell diameter and standard deviation of
the specimens at each density are negatively correlated
with the density.

As shown in Table 3, the statistical parameters of the
section cell diameter distribution of the cells at each density
is further calculated. With the increase of density, the sta-
tistical parameters tend to decrease.

According to (5), the average section cell area measured
by the computer two-dimensional image analysis software
Image-Pro Plus is transformed into the cell diameter.
According to (6), the standard deviation of the cell cross-
section area is converted into the standard deviation of the
cell diameter. In this way, the measured two-dimensional
area can be transformed from SEM image to three-di-
mensional cell diameter and distribution. The average cell
diameter, standard deviation, and density of the polymer
materials were fitted, and it is found that they have a basically
linear relationship. Figure 8 is a fitting graph of each cell
diameter parameter and density.

As shown in Figure 8(a), a linear fitting of the average cell
diameter and density can be obtained as follows:

D = -371.19p + 323.29, 9)

where D is the average cell diameter, and p is the polymer
density.

As shown in Figure 8(b), a linear fitting of the standard
deviation and density of the cell diameter distribution can be
obtained as follows:

Sp = —172.22p + 143.93, (10)

where Sp is the standard deviation of the cell diameter
distribution, and p is the polymer density.

The quantification of cell size is helpful to understand the
influence of microstructure on the mechanical properties of
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materials. When the cell size is large, the compressive  the turning point which defines the influence of cell size
property of the material is mainly determined by the strut. ~ on compressive strength increases with the increase of
According to the previous studies, the critical cell size of  density. The results show that the cell size of 0.60 g/cm’
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TaBLE 3: Summary of the statistical parameters of the section cell diameter distribution.

Density (g/cms) Average (um) Standard deviation Minimum (ym) Median (um) Maximum (ym)
0.11 218.00 48.60 111.05 215.39 350.56
0.25 190.50 45.49 92.44 190.98 286.29
0.31 165.80 40.11 70.75 170.85 253.20
0.40 143.74 31.48 64.26 144.11 230.41
0.51 108.44 22.30 50.76 109.31 178.38
0.56 85.68 18.25 42.54 85.92 147.25
300 140
-
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FIGURE 9: Relationship between porosity and density.

specimen is more than 60 ym, which is larger than the
critical cell size [41]. Therefore, it can be inferred that the
compression failure of materials is caused by the yielding
of struts [11].

3.2.3. Polymer Porosity. The density of the polyurethane
polymer material is obviously related to the polymer po-
rosity and density of the matrix. As shown in Figure 9, as the
density increases, the polymer porosity decreases.
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A linear fit of the porosity and density of the polymer
yields the following relationship:

f =-0.8243p + 1. (11)

In this formula, f is the porosity, and p is the polymer
density.

According to (11), when the porosity is 0, the polymer
matrix density is 1.21 g/cm®. It is basically consistent with the
description in literature [42] that the matrix density of rigid
polyurethane foam is about 1.2 g/cm”.

4. Conclusions

In this study, micromorphology SEM images of the speci-
mens were observed, and feature parameters were counted.
The microstructural information obtained in this study will
help establish a cell-based model to explain the mechanical
response of rigid polymer foams. The main results and
conclusions are as follows:

(1) The cells of the low-density polymer material are
deformed due to the mutual extrusion of the cells,
which are irregular polyhedrons or ellipsoids.
Therefore, low-density polymer materials have
anisotropy. As the density increases and exceeds
0.3 g/cm’, the cell structure tends to be spherical,
and the polymer materials are close to isotropic.

(2) The section cell diameters in the same specimen
obey a normal distribution, and the section av-
erage cell diameter, standard deviation, the length
and endpoint of the section cell diameter distri-
bution interval decrease as the density of the
specimen increases. The cell diameter and standard
deviation have linear negative correlations with
the density.

(3) The porosity of the polymer has a linear negative
correlation with the density. The polymer matrix has
a density of 1.21 g/cm’.
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Aiming at the bending performance of the prestressed superposing-poured concrete beam, the numerical simulation on the
composite beams poured with the normal weight concrete (NWC) superposed on the fibred ceramsite lightweight aggregate
concrete (LWAC) was conducted. Three kinds of prestressing schemes, straight linear prestressing force, curved prestressing force
not across the casting interface, and curved prestressing force across the casting interface, were simulated for comparison, and the
influence of the casting interval time was also considered. Results indicate that the stiffness of the superposing-poured beam can be
effectively strengthened by considered schemes of the prestressing force; in addition, there are certain increases on the ultimate
load except imposing the straight linear prestressing force. As the curved prestressing force is imposed across the casting interface,
the maximal interlayer slip of the casting interfacial transition zone (C-ITZ) approximately equals to that without the prestressing
force. The scalar stiffness degradation (SDEG) of the C-ITZ for the casting interval time being 14 days is obvious because of the
weakening on the bonding performance of the C-ITZ. Comparatively, the SDEG variation of the C-ITZ in the model with the
curved prestressing force across the casting interface is smoother and smaller on the whole than the other two prestressed schemes

for the case of the casting interval time being 14 days.

1. Introduction

Ceramsite lightweight aggregate concrete (LWAC) possesses
the merit with higher strength relative to lighter density,
which benefits from the ceramsite characterizing lighter
apparent density and rough surface with many small
opening holes. The density of LWAC is lighter than that of
the normal weight concrete (NWC) for about 25%-30%. In
addition, LWAC shows good performance such as the
thermal insulation [1-3]. The developing of the pre-
fabricated building technology puts forward higher re-
quirements to the composite concrete members and the
functionally graded concrete (FGC) members. Generally, the
composite concrete members are composed of the precast
and the cast in-situ components. For the composite concrete
and FGC, the interfacial bonding performance is prominent
to guarantee the integration and compatibility of whole

members. Lightweight aggregate can effectively improve the
microstructure of the interface in concrete and make the
interfacial transition zone (ITZ) more compact because of its
own morphological structure and apparent pores [4].
Akmaluddin and Murtiadi [5] discussed the connection
behaviour of the composite concrete precast column and the
sandwich beam under the static loading. Campi and
Monetto [6, 7] proposed a closed solution of two-layer
beams considering the interlayer slip, in which a linear and
nonproportional law relating interfacial shear tractions and
slips was chosen to describe the interfacial behaviour.
Iskhakov et al. [8, 9] studied the mechanical property of
prestressed composite beams and proposed a new concept
that considers the interlayer deformation of concrete in the
tension and compression zones. Ji et al. [10] analyzed the
change rule of the midspan deflection of prestressed reactive
powder concrete (RPC) and the NWC composite beams
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considering the influence of the prestressing degree, the RPC
height, and the NC strength; the higher the prestressing
degree is, the longer the elastic stage before crack is, and the
faster the stiffness in strengthening stage after the yielding
decreases. Study indicates that the application of pre-
stressing can improve the rigidity of composite beams and
reduce the cracks [11, 12]. Wu et al. [13] studied the failure
mechanism, flexural capacity, short-term stiffness, and crack
distribution of U-shaped and inverted T-shaped prestressed
composite beams and pointed out that composite beams
with natural rough surface can be analyzed as whole beams
not considering the relative slip. Li and Ji [14] analyzed the
developing law of the crack during the loading of prestressed
composite beams considering different prestressing degrees
and prefabricated component heights. Li et al. [15] studied
the interfacial bonding performance of the prestressed
composite beams with different stirrup spaces and pointed
out that the smaller the stirrup spacing is, the less possible
the bonding slip occurs on the casting interface.

The related research are mainly focused on the overall
performance of composite members composed of NWC
without prestressing or only with straight linear prestressing
force. Moreover, different casting interval times are neces-
sary to suit the constructional variety of the superposing-
poured composite members. The imposing of the pre-
stressing force can effectively increase the stiffness of the
concrete beams. Because of the existing of the casting in-
terfacial transition zone (C-ITZ) in the superposed com-
posite beams, the mechanism and performance of the
composite beams after exerting the prestressing force is
complicated. Besides, the arrangement of the prestressed
bars and the casting interval time are great importance to the
performance of the composite beams [16]. In this paper, the
numerical simulation was conducted on the mechanical
performance of the composite beams poured with the NWC
superposed on the ceramsite LWAC. Different arrangement
ways of prestressed bars and casting interval times were
specially discussed on the influence of the overall perfor-
mance of the superposing-poured beams.

2. Simulation Modelling

2.1. Modelling Scheme. The simulation analysis is based on
the bending experiment of the simplified supported su-
perposing-poured beams composed of the ceramsite LWAC
and NWC. The precast ceramsite LWAC component at the
bottom of the beam mainly bears the tensile force under the
experimental load, and the NWC is casted on the LWAC
component late. The detailed parameters of the superposing-
poured beams are shown in Figure 1, in which the sectional
casting height are determined according to the neutral axis
in the section of the composite beams. The description on
the prestressing schemes and the casting interval time are
listed in Table 1. There are eight superposing-poured beam
models designed for simulation, in which six models are
prestressed superposing-poured beams, and the other two
ordinary beams models are based on the experiment used for
comparison. The grades of the longitudinal bars and the
stirrups bars are HRB400 and HRB300, respectively. The
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prestressing bars are 1860 grade 1 x 7 stranded wire, and the
prestressing force is 30 kN.

2.2. Material Constitutive Relationship in the Model. The
concrete damaged plasticity model (CDP) is used to simulate
the mechanical properties of superposing-poured concrete
beams in this paper. It describes the inelastic performance of
concrete based on the isotropic damage elasticity together
with the isotropic stretching and compression damage
plasticity. Besides, the CDP model can effectively simulate
the dynamic and static mechanical behaviour of the concrete
[17, 18]. The mix ratio of the two kinds of concrete in the
experimental members B1-1 and B1-2 are listed in Table 2,
and the basic mechanical properties of the concrete and
reinforced bars are listed in Tables 3 and 4.

The C-ITZ is a typical part zone in the composite beams,
which has significant influence on the overall performance
of the composite beams. The mechanical property of the
C-ITZ is related to the treatment method of the casting
interface, the casting interval time, two kinds of concrete
materials, and so on. The manual chiselling method was
adopted to handle the casting interface in the referring
experiment [19]. The cohesive element is used in the model
to simulate the C-ITZ in the superposing-poured beam
model. The basic mechanical parameters of the cohesive
element listed in Table 5 are determined according to the
experimental data [16] and the relevant formula [20, 21].

2.3. Model Building. In the model, the concrete and reinforced
bars are modelled using the solid element and link element,
respectively. Among them, the reduced integral element
C3D8R is assigned to simulate the concrete, and the T3D2 truss
element is assigned to simulate the reinforced bars in the
model. The C-ITZ between the LWAC and NWC in the stack-
poured beams are simulated by the cohesive elements. The local
rigid bodies are modelled at the loading point and bearings to
avoid the stress concentration during the simulation. The
boundary constraints and loading scheme are shown in Fig-
ure 1 and are identical to the experiment [19].

The application of the prestressing force in the model is
realized by the cooling method in the temperature field cor-
responding to the initial state. In the subsequent analysis step,
the prestressing strand shrinks as the temperature reduces to
generate the pretension force. The temperature cooling value is
determined according to the following formula [22]:

F o

== 1
oaEA «FE M

in which F is the prestressing force, o is the prestressing
stress, A is the cross-sectional area, E is the elastic modulus,
and « is the linear expansion coefficient.

3. Simulation Results

3.1. Modelling Verification. The effectiveness of the mod-
elling was first verified by comparing the simulation results
of Bl-1 and B1-2 with that of the experiment. The load-
midspan deflection is shown in Figure 2. The modelling
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FIGURE 1: Scheme of the superposing-poured beam model.

TaBLE 1: Description of the superposing-poured beam model.

Model no. Prestressing schemes Casting interval time
BI-17 Superposing-poured beams no prestress 45 minutes
Bl-2* perposing=p P 14 days

B2-1 . . . . 45 minutes
B2-2 Superposing-poured beams with straight linear prestressed bars 14 days

gg:; Superposing-poured beams with curved prestressed bars not across the casting interface 451?211;3265
gi:; Superposing-poured beams with curved prestressed bars across the casting interface 451:1(112;265

*For modelling comparison based on the experiment.

TABLE 2: Mix ratio of LWAC and NWC of the experiment [19].

(kg/m?) , .

Concrete . Reinforcement ratio (%)
Ceramsite Crushed stone Sand Cement Fly ash Water
LC30 820 — 510 440 80 237 152
C40 — 1180 580 400 80 200 ’
TABLE 3: Mechanical parameters of the concrete from the experiment [19].

Concrete feu (MPa) fa (MPa) fi (MPa) E. (MPa) Density (kg/ma)
LWAC/LC30 36.2 32.0 3.2 2.55x10* 1740
NWC/C50 56.1 47.4 4.3 3.55x10* 2400

TAaBLE 4: Mechanical parameters of reinforced bars [16].

Types of bars

Diameter (mm) Yielding strength (MPa)

Ultimate strength (MPa)

Stirrups
Hanger bars

Longitudinal bars
Prestressing bars*

8 364.8
8 364.8
20 455.1
9.5 1395

564
564
580
1860

*Referring to the code for design of concrete structures (GB 50010-2010).
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TaBLE 5: Parameters of the cohesive element to simulate the C-ITZ.

Casting interval time Modulus E Density p Elastic stiffness K, Cohesion strength o, Fracture energy Gy
& (GPa) (kg/m®) (N/mm®) (MPa) (N/mm)
45 minutes 23 2100 10° 3.2 0.033
14 days 23 2100 10° 2.0 0.027
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FIGURE 2: Load-deflection relationship of B1-1 and B1-2. (a) B1-1. (b) B1-2.

results fit well with that from the experiment before the
yielding except that the deflection is a little smaller than that
of the experiment. This difference becomes obvious during
the loading late stage. It is mainly because of the typical
influence of the generation of macrocracks in the experiment
members as the load increases. Besides, the yielding loads are
a little lower than that of the experiment. Considering the
variation of the casting interval times, the ultimate load of
model B1-2 is lower than that of B1-1 whether from the
experiment or from the simulation. It is because the bonding
performance of C-ITZ in the superposing-poured beams is
weakened as the casting interval time increases. The
emerging and developing of the cracks in the model can be
represented by the compressive and tensile damage factors
of the concrete element, which are shown in Figure 3. The
cracks distribution result from the simulation coincides well
with that of the experimental result.

At the loading beginning stage, the vertical bending
cracks first emerge in the midspan bottom bending zone.
The bending cracks develop upward with the loading. At
the same time, diagonal cracks also emerge near both two
foot bearings and incline upward to the loading points.
One important characteristic is that most cracks have a
brief stop as they develop close to the C-ITZ. This can be
verified both by the experimental and the simulating
results. Subsequently, only some cracks develop across the

C-ITZ as the load continually increases. Finally, the beam
failures due to the yielding of the longitudinal rein-
forcement and the concrete crack are at the top of the
midspan.

In addition, the simulation on the prestressing is verified
by comparing the simulation results of B2-1, B3-1, and B4-1
with results from the corresponding calculation method and
design codes. The prestressing effect can be represented by
the equivalent load method: The effect of straight linear
prestressing and curved prestressing are equivalent to the
pure bending and uniformly distributed load, respectively.
Due to a certain difference existing in the elastic module
between LWAC and NWC, the ceramsite LWAC is first
converted into NWC by the equivalent section converting
method. The inverse arch deflections of the superposing-
poured beam model are calculated according to the bending-
moment-area method. At the same time, the inverse arch
deflections of the straight prestressing and the curved
prestressing are calculated [23, 24]:

o
cTo
(2)
5N .eL’
Q7 48EI,’
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F1GURE 3: Comparison of cracks distribution of B1-2. (a) The tensile and compressive damage nephogram from the simulation.(b) Experimental

beam.

where N, is the effective prestressing force, e is the ec-
centricity from the center of prestressed bars to the neutral
axis of the converted section, L is the span length, E. is the
elastic modulus, and I, is the inertial moment of the con-
verted section.

The comparison of the results is listed in Table 6. The
simulation results are close to that from the referring
calculation method and design codes on the whole.
Compared with the bending-moment-area method and
ACI318-99, it is shown that the result from GB50010-2002
is more reliable due to the stiffness reduction during
calculating.

3.2.  Load-Deflection Relationship. The load-deflection
curves of the superposing-poured beams are shown in
Figure 4. Compared with B1-1 and B1-2 without the pre-
stressing force, the midspan deflections of beams with dif-
ferent arrangement modes of prestressed bars are all lower
before the yielding load. In addition, there are observable
increases on the ultimate loads of beams with prestressed
bars except that of B2-1 and B2-2. Compared with the
straight linear prestressing scheme at the bottom of the
beam, the increases on the ultimate loads of beams with

curved prestressed bars are more obvious for different
casting interval times.

The simulation results are listed in Table 7. For B2-1 and
B2-2 exerting the straight linear prestressing force at the
bottom of beams, there is no obvious increasing on the
ultimate load compared with B1-1 and B1-2, respectively.
But the midspan deflection is clearly smaller than that of B1-
1 and B1-2, respectively. The reduction of the deflection is
about 23% and 19.9% that of B1-1 and B1-2, respectively. At
the same time, the induced inverted arch deflection at the
midspan are largest among the three kinds of prestressing
schemes.

For the scheme with curved prestressed bars not across
the C-ITZ, the ultimate load of B3-1 is clearly increased
about 8.7% compared with Bl-1 while the deflection is
reduced about 8.0%. Comparatively, the ultimate load of B3-
2 is increased about 12.5% compared with that of B1-2 with
the midspan deflection reduced about 7.0%. It is due to the
weakening of the bonding performance of the C-ITZ in the
superposing-poured beams, which has significant influence
on the deformation of the beam as the load increases. Be-
cause the bonding shear performance of the C-ITZ in the
superposing-poured beams decreases quickly as the casting
interval time increases, and the remaining shear strength
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TaBLE 6: Comparison of the inverse arch deflections of the prestressing force.
Model Simulation results Moment-area method GB50010-2010 ACI318-99
odel no.
f (mm) fi (mm) Hf f> (mm) Ll f5 (mm) 5
B2-1 0.192 0.184 0.958 0.216 1.125 0.184 0.958
B3-1 0.177 0.158 0.893 0.223 1.260 0.189 1.068
B4-1 0.179 0.174 0.972 0.246 1.374 0.209 1.168
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FIGURE 4: Load-deflection curves of the beam model. (a) 45 minutes casting interval time. (b) 14 days casting interval time.
TaBLE 7: Simulation results of the model.
Model Inverse arch deflection, f (mm) Ultimate loads (kN) Deflection (mm)
Bl-1 — 148.8 8.61
B2-1 0.192 149.5 6.63
B3-1 0.177 161.7 6.92
B4-1 0.179 166.7 7.12
B1-2 — 128.8 7.99
B2-2 0.191 130.9 6.40
B3-2 0.179 144.9 7.43
B4-2 0.184 154.4 7.42

with the casting interval time being 14 days is about 40% that
casting at the same time [24].

As the curved prestressed bars in the superposing-
poured beam models are located across the C-ITZ for the
model B4-1 and B4-2, the increase extent of the ultimate
loads is 12.0% and 19.9%, respectively, compared with B1-1
and B1-2. At the same time, the midspan deflections are
similar to that of B3-1 and B3-2, respectively.

3.3. Relative Slip in the C-ITZ. The cohesive element are
adopted to simulate the performance of C-ITZ in the super-
posing-poured beams. The relative longitudinal slip of the C-ITZ
outside the loading point is extracted as shown in Figure 5 for

discussion. Whether there is or no prestressing force, the relative
slip of C-ITZ in the beam that the casting interval time is 45
minutes is much smaller than that with the casting interval time
being 14 days as the load increases. The final maximal relative
slip value for all models is listed in Table 8.

For B2-1 and B2-2 exerted the straight linear prestressing
force, the final relative slip value is 1.8 times and 2.05 times
as large as that of BI-1 and B1-2, respectively, and the
relative slip in the C-ITZ both of B1-2 and B2-2 characterizes
continual and accelerated increasing with regards to the
loading until the final failure.

As imposed, the curved prestressing force with the
casting interval time being 45 minutes, the overall variation
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FiGURE 5: Relative slip of the C-ITZ. (a) Bl-1and B1-2. (b) B2-1 and B2-2. (c) B3-land B3-2. (d) B4-1 and B4-2.

TaBLE 8: Maximal relative slip in C-ITZ.

Model no. Relative slip (mm)
Bl-1 0.075
B2-1 0.135
B3-1 0.094
B4-1 0.072
B1-2 0.542
B2-2 1.114
B3-2 0.846
B4-2 0.574

of the relative slip with regard to the loading for B3-1 and
B4-1 is similar to that of B1-1. The final maximal relative slip
of B3-1 is about 125% that of B1-1. Comparatively, this value
of B4-1 is almost similar to that of B1-1. For the casting
interval time being 14 days with the curved prestressing
force, a significant characteristic for the variation relation of
the relative slip with the loading is that the increase of the
relative slip eases up after yielding both for B3-2 and B4-2.
The possible reason is that the moment distribution gen-
erated by the curved prestressing force in the beam is similar
to that from the experimental load. After the yielding of the
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FiGure 6: SDEG distribution of C-ITZ at the ultimate load state. (a) B1-1, B2-1, B3-1, and B4-1. (b) B1-2, B2-2, B3-2, and B4-2.

longitudinal bars, the existing of the curved prestressing
force effectively slow down the developing of the relative slip
in the C-ITZ. Finally, the maximal relative slip value of B3-2
is about 156% that of B1-2. Comparatively, the maximal
relative slip value of B4-2 is almost similar to that of B1-2.

3.4. Stiffness Degradation of the C-ITZ. The key for super-
posing-poured beams to perform with well-collaborative
behaviour is whether there is excellent working compati-
bility and adhesion in the C-ITZ. The performance of the
C-ITZ is influenced by the constructional method of the
casting interface, the difference in the elastic module and
strengths between the two kinds of concretes together with
the casting interval time, and so on. The scalar stiffness
degradation (SDEG) of the cohesive elements in the mod-
elling can be extracted to symbolically characterize the
damage variation in the C-ITZ. SDEG equaling 0 indicates
that there is no damage, and SDEG equaling 1 means the
cohesive elements are in full failure. The SDEG diagrams of
cohesive elements to simulate the C-ITZ in the modelling at
the ultimate load state are shown in Figure 6. The mainly
prominent region is located in the shear span near the
loading point. For cases of the casting interval time being 45
minutes, there is a larger region with higher SDEG values

emerged in B2-1 compared with B1-1, B3-1, and B4-1. The
possible reason is the arrangement of the curved prestressing
force in B3-1 and B4-1 approximate the bending moment
diagrams under the designed load, which make the coor-
dinated performance of the superposing-poured beam
model better than that of B2-1.

Compared with the situation of the casting interval time
being 45 minutes, the region with higher SDEG values are
more obvious for all beam models with the casting interval
time being 14 days. It is due to that the bonding shear
strength of the C-ITZ decreases to 40% with the casting
interval time being 45minutes. Results indicate that the
distribution range and the SDEG values of B4-2 are generally
similar to that of B1-2 from Figure 6(b). In addition, the
distribution of SDEG values in B4-2 is smoother than that in
B1-2. Comparatively, the area range with higher SDEG
values in B3-2 and B2-2 are larger, especially for B2-2.
Similarly, the SDEG values of B2-2 are generally larger than
that in B3-2 and B4-2.

The SDEG variation of the C-ITZ corresponding to the
loading is shown in Figure 7, in which the data are extracted
and averaged from the SDEG distribution area with rela-
tively higher values. The increase of SDEG in B2-1 is much
larger than that of B1-1, B3-1, and B4-1 for cases with the
casting interval time being 45 minutes. Comparatively, the
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FIGURE 7: SDEG curves of stack-poured beams. (a) 45 minutes casting interval time. (b) 14 days casting interval time.

TaBLE 9: Slipping loads and ultimate loads of beam models.

Model no. Slipping load (kN) Ultimate load (kN) Ratio Lg (%)

B1-1 108.2 148.8 72.7
B2-1 129.1 149.5 86.4
B3-1 134.5 161.7 83.2
B4-1 142.5 166.7 85.5
B1-2 91.6 128.8 70.7
B2-2 101.5 130.9 77.5
B3-2 108.4 144.9 74.8
B4-2 111.3 154.4 72.1

SDEG variation of B4-1 with regard to the loading is similar
to that of B1-1.

For the casting interval time being 14 days, the variation of
the SDEG of B2-2, B3-2, and B4-2 with regard to the loading
are similar. The midspan deflection of B2-2, B3-2, and B4-2 as
the SDEG begin to increase clearly is smaller than that of B1-2
due to the effect of the inverse arch from the prestress.
Comparatively, the SDEG of B4-2 changes smoothly, and it is
smaller than that of B2-2 and B3-2 on the whole.

The slipping load of the beam model is defined here as
the load when the SDEG value of the C-ITZ is not zero and
begins to change obviously. The slipping load of all beam
models is listed in Table 9 together with the ratio of the
slipping load to the ultimate load Lp. After exerting the
prestressing force, the slipping loads and the ratio Ly all
increase for all beam models. As the casting interval time
changes from 45 minutes to 14 days, the slipping load all
decrease whether there is or no prestressing force. In ad-
dition, the ratio Ly also decreases. For both two casting
interval time cases, the increased degree of the slipping load
and the ultimate load for the curved prestressing force across
the casting interface are larger than that of the other two
considered schemes of the prestressing force.

4. Conclusions

The bending performance of the superposing-poured
composite concrete beams was analyzed considering the
influence with different prestressing schemes and different
casting interval times.

(1) For the schemes imposing the straight linear pre-
stressing force, the stiffness of the superposing-
poured beam can be effectively strengthened, but
there is little influence on the ultimate load. Com-
paratively, with the curved prestressing force im-
posed, there is observable increase on the ultimate
load of the superposing-poured beam at the time of
the stiffness effectively strengthened.

(2) The relative slip of the C-ITZ is obvious as the casting
interval time changes from 45 minutes to 14 days
because of the weakening on the bonding performance
of the C-ITZ. Imposing the straight linear prestressing
force further obviously increases the relative slip.
Comparatively, the variation relationship of the relative
slip with regards to the loading as imposing the curved
prestressing force across the C-ITZ is more rational,
which eases up after the yielding load of the beam. And
the final maximal relative slip is similar to that with no
prestressing force whether the casting interval time is
45 minutes or 14 days.

(3) When the casting interval time changes from 45
minutes to 14 days, the region with higher SDEG
value at the ultimate state expands obviously whether
there is or no prestressing force imposed. As im-
posed the straight linear prestress or the curved
prestress but not across the casting interface, the
region with higher SDEG value in the C-ITZ is larger
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than that with no prestress. Comparatively, when the
curved prestressed bars are arranged across the
C-ITZ, the region with higher SDEG value is similar
to that with no the prestress; and the distribution of
the SDEG are relatively uniform.

It is shown that more rational effect and performance
can be obtained with the curved prestressing force across the
casting interface exerted in the composite beams if it is
practicable in the real construction. There is important
influence on the mechanical performance of the super-
posing-poured composite beams as imposing the pre-
stressing force. The possible interlayer slip and the stiffness
degradation in the casting interfacial zone need further
experimental analysis based on the numerical simulation.
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This paper takes the cemented sand and gravel dam (CSGD) in Shoukoubao reservoir as the prototype to introduce in detail the
similarity principle of model test and describe the selection steps of materials for CSG model. It has developed similar materials for
CSGD model by mixing coarse sand, barite powder, gypsum powder, cement, and iron powder so as to provide reference for
CSGD model test in the future. The dam model test has studied the stress distribution and displacement deformation of the dam
during construction and normal operation, in order to provide experimental support for the study of failure mechanism of the
CSGD and facilitate the design and construction of dams of this kind. The stress level of the body and the foundation of the model
dam varied from 1/9 to 1/17 of the designed compressive strength of dam material. The results showed that CSGD is a safe new

type of dams.

1. Introduction

Reservoir dams are the basis and carrier of water con-
servancy and hydropower development. They play an
irreplaceable role in the comprehensive utilization of
water and hydropower resources. They have increasingly
important role in supporting the sustainable development
of China’s social economy [1]. According to the first
national water resources census, which was carried out
from 2010 to 2012, China had 98,002 reservoir dams.
Among the 3,000 dams that had collapsed in China, 98%
were earth-rock dams. Earth-rock dams are easily over-
topped, which leads to dam breaking. By contrast, con-
crete dams are expensive to build with overly high
material stress. Therefore, it is necessary to find an in-
expensive solution so as to build a new type of dams that
will not collapse even if overtopped. Such a solution
should not only apply to new dams but also become a new

technical support for strengthening existing dams.
Cemented sand and gravel dam (CSGD) is developed
based on two construction techniques: roller compacted
concrete dam (RCCD) and concrete face rockfill dam
(CFRD) [2]. This new type of dam is formed between
RCCD and CFRD. Its section in the main body is basically
symmetrical, which is made of cementitious materials,
water, and riverbed gravel or excavation materials [3].
After cementitious materials and water are added to gravel
or excavation materials, efficient earth-rock transport
machinery and compaction machinery are used to shape
the materials into CSGDs [4].

As a new model, CSGD is still evolving, and the re-
search on dam safety is not systematic enough. According
to statistics, since the 1980s, dozens of CSGDs have been
built abroad, and relevant engineering exploration and
practice have been carried out in Japan, Greece, Dom-
inica, Philippines, Pakistan, Turkey, and other countries
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[5]. The application of CSGD in China began in 2004 in
the upstream overflow cofferdam project of Daotang
Reservoir in Guizhou Province. In this project, CSGD
was adopted in China for the first time. The height of the
cofferdam is 7 m. Since then, CSGD technology was used
in temporary construction such as downstream coffer-
dam of Jiemian Hydropower Station, upstream cofferdam
of Hongkou Hydropower Station, and upstream coffer-
dam of Gongguogqiao Hydropower Station. On October
14, 2018, the filling of CSGDs was completed in
Shoukoubao, Shanxi Province, with the maximum dam
height of 61.6 m. On June 7, 2019, the CSGD project of
Jinjigou in Yingshan County of Sichuan Province was
completed, with the maximum dam height of 33 m, in-
dicating that this dam type began to be applied in per-
manent projects.

The common methods of CSGD stress analysis in-
clude theoretical analysis, practical observation, nu-
merical simulation, and model test [6-9]. It is very
difficult to describe the failure process of CSGD with
theoretical analysis of a single mathematical model [10].
The actual observation method is affected by many
factors. It is hard to reproduce complex working con-
ditions without perfect computational constitutive
model for numerical analysis and practical engineering
[11]. Compared with other research methods, physical
model test has the advantage that the test conditions can
be manually controlled and changed [12]. Therefore,
physical model test is an effective method to study the
stress distribution of CSGD [13], in which similar ma-
terial selection is the most important part [14, 15]. The
model test data of cemented sand gravel is relatively
scarce, and there are few reports on similar materials.

2. Research Status of CSG Model
Similar Materials

Choosing the right and reasonable similar materials is key
to accurately simulating the engineering prototype [14].
As modern testing technology and simulation theory
keep developing, studies on model materials deepen and
new model testing technologies (such as geomechanical

geometric similarity scale:
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model and centrifugal simulation technology) are suc-
cessfully applied, and the research range of hydraulic
structure model test further expands [15-18]. At present,
the mainstream similar materials used for model tests in
China are as follows: (1) MIB materials of high bulk
density, low elastic modulus, and low strength, developed
by Han Boli of Wuhan University [19, 20]; (2) NIOS
materials developed by Li Zhongkui of Tsinghua Uni-
versity [21, 22]; and (3) iron barites sand cementation
material (IBSCM) developed by Wang Hanpeng of
Shandong University [23]. Organic materials such as oil,
rosin, and alcohol and inorganic materials such as gyp-
sum, water, and cement are used as binders for model
materials [24]; copper powder, iron powder, iron con-
centrate powder, bentonite, sand, or diatomite are used as
filling materials [25]; glycerol, rosin, alcohol, cooked
starch slurry, and gypsum are used as additives [26].
Hydraulic structure model test has been developing in a
more comprehensive way. However, as CSGD only has a
short history and unique dam material properties, only a
few research works at home and aboard have covered this
material. The centrifuge modeling test was carried out by
Chen Jiaojiao of Hohai University [27] to investigate the
deformation of the dam model, while the materials used
in the experiment to cast dam were consistent with the
actual projects. There are many mechanical properties
tests of cemented sand and gravel dam building materials
in the existing research [10, 28, 29], but the research on
similar materials for model test of CSG dam is still not
enough.

3. CSG Similar Material Simulation Test

3.1. Similarity Theory. The similarity theory is used to
reveal the inherent relationship between similar physical
phenomena and explore the fixed ratio between the
physical quantities of the same name, and it is applied to
scientific experiments and engineering and technical
practice. Generally, the model test should satisfy the
needs for geometric similarity and physical and me-
chanical similarity [30, 31]:

L
length similarity constant C; = L—P,
m
angular similarity constant Cy = Q—P,

m
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Physical similarity scale: -

where C is the similarity scale; p is the prototype physical
quantity; m is the model physical quantity; L is the length; 0
is the angular displacement;o is the stress; § is the dis-
placement; y is Poisson’s ratio; p is the density; € is the strain;
E is the elastic modulus; X is the volumetric force; and y is
the bulk density.

3.2. Similarity Relation. According to the equilibrium,
geometric and physical equation, and boundary condi-
tions of the similarity theory, the main loads for CSGD
come from water pressure, uplift pressure, and dam body
weight. Specifically, water pressure and uplift pressure act
in the form of surface force, and gravity acts in the form of
volume force. Then, based on dimensional analysis,
similarity relation of CSGD model test can be obtained
[32, 33]:

3 C = CyCL (2)
& CE >
¢
8 CE >

| Cr=C,C} = C,CL.

where C,C,, C,,C,, Cp, C,, Cg, Cs, Cp: refer to the above-

mentioned terms.

3
[ C . 0p
stress similarity constant C;, = —,
Gm
. T 5p
displacement similarity constant Cs = o
m
I SRS Bp
Poisson s ratio similarity constant C,, = —;
B
e Pp
density similarity constantC, = —,
p
. (1)
strain similarity constant C, = £
sm
. Lo E P
elastic modulus similarity constant Cp, = L
m
volumetric force similarity constant Cy, = X—p,
m
bulk density similarity constant C,, = y—p,
\ Ym
As C, =1, then
Cy=Cy,
: 3)
CF = CL'

Because the aforementioned conditions are interrelated,
the model has great difficulties in fully satisfying all of them.
Based on the key points and characteristics of the research
content, the model test can only satisfy the main similarity
relationships and becomes basically similar to the prototype.
Then, the test results are analyzed and selected.

3.3. Selection of Similar Materials. In general, the following
requirements should be satisfied for selecting material
similar to that of the model [34]: (1) According to the
formula in the similarity theory, the bulk density of the
model material should be the same as that of the prototype
material. That is to say, when C, = 1, the conversion between
the physical parameters of the model and the prototype can
be greatly simplified, and the effects of the gravity stress field
can be better reflected. (2) The main physical and mechanical
properties of the model material are equivalent to or close to
the prototype material parameters after similar conversion.
(3) The model material has good workability, which creates
feasible conditions for molding, construction, and repair. (4)
The physical, mechanical, chemical, and thermal properties
of the model materials are stable and are less affected by the
changes of time, temperature, and humidity.

In this test for the target, gravity similarity ratio C, =1,
and geometric similarity ratio C; = 100. Given mechanical
parameters and target similarity ratio of CSGD, the target
parameters for preparing similar materials can be obtained,
as shown in Table 1.

Based on the existing research results, the mechanical
properties of SCG material have been simulated. In that test,
coarse sand is chosen to simulate the prototype coarse
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TaBLE 1: Physicomechanical target parameters of the material.
Parameters Bulk density  Elastic modulus Compressive strength Internal friction =~ Cohesion, ¢  Poisson’s
(kN/m?) (MPa) (MPa) angle ¢ () (kPa) ratio ()
Prototype material 22.8-26.3 4500-5200 8.2-15.1 28-38 476-710 02
(Shoukoubao dam)
Model material (conversion ), ¢ ) 3 45-52 0.08-0.15 28-38 4.76-7.1 0.2

value)

aggregate, barite powder, as filler to simulate the prototype
fine aggregate, and gypsum powder and cement, as ce-
mentitious materials. The strength of the material is con-
trolled through changing the amount of gypsum and the
ratio of water to gypsum. The elastic modulus of the material
is changed by the amount of cement, and the bulk density of
the model material is changed by choosing iron powder as
the admixture. The excess water in the model material
evaporates during the drying process, forming many tiny
pores inside the gypsum block. This is the basis for simu-
lating the pore characteristics of the prototype material.

3.4. Mix Design and Result Analysis. The four-factor and
four-level orthogonal method was adopted for testing the
model material test. Four factors were set up, namely, A,
B, C, and D. Factor A refers to the ratio of iron powder
content to total material content (%); factor B, the ratio of
gypsum content to total material content (%); factor C,
gypsum content/cement content; and factor D, coarse
sand content/barite powder. In the process of mixing
material, water is added in different stages (water con-
sumption is determined by plasticity and fluidity of
similar materials in the mixing process). Orthogonal
design is detailed in Table 2.

In the model material test, 16 groups of orthogonal
mixing schemes and 144 forming specimens were
designed. In addition, the mechanical parameters of the
model material were tested systematically and compre-
hensively. The results showed that when the iron powder
content was 10%, gypsum content was 20%, gypsum:
cement=2:1, coarse sand:barite powder=3:1, and the
material parameters of the model were closest to the test
target value. The specific values and the test process are
shown in Table 3 and Figure 1, respectively.

4. Model Test of CSG Dam Body

4.1. Model Scale Design. This dam model test took the
prototype design of CSGD of Shoukoubao reservoir in
Shanxi Province as a reference and carried out a gener-
alized simulation, which is located in the upper reaches of
Heishui River, with a geographic location of 113°40’e and
40°25'n, about 10km northwest of Yanggao County.
Shoukoubao reservoir was started in April 2014 and was
awarded as Technical Demonstration Project for Dam
Construction with Cemented Granular Materials by
General Institute of Water Conservancy and Hydropower
Planning and Design, Ministry of Water Resources, in
September 2017. The parameters of the prototype dam

body are as follows: the maximum dam height was 61.6 m,
the width of the dam top was 6 m, and the upstream and
downstream slopes were 1:0.6. Cementitious materials
are made of 50 kg/m”> of cement material and 40 kg/m* of
fly ash. The bulk density of the dam body was 23.5kN/m”,
the elastic modulus is 4.8 GPa, and Poisson’s ratio is 0.20;
the bulk density of the dam foundation was 20.2 kN/m”,
with 7 GPa of elastic modulus and 0.24 of Poisson’s ratio.
Based on the measurement requirements of model tests
and engineering conditions, the dam foundation depth
was simulated at 50 m in depth, about 0.8 H. The upstream
simulation range was 30 m, about0.5 H, and the down-
stream simulation range was 150 m, around 2.4 H (H is
dam height). Model dam parameters were as follows: dam
was 61.6 cm in height, and dam crest was 6 cm in width. In
addition, both upstream and downstream slopes were 1:
0.6. Dam foundation was simulated as 50 cm in depth.
Upstream simulation range was 30 cm, while downstream
simulation range was 150 cm. Then, the coordinates were
set, with dam heel as the origin. According to the simi-
larity relation, the similarity constants are shown in
Table 4.

4.2. Modeling. Modeling includes the building of model
groove and dam foundation, as well as dam body concreting
and splicing. Dam body concreting and splicing should be
carried out after model groove and dam foundation are built.
The processes are introduced in detail [35-39] below.

(1) Preparation: coarse sand, barite powder, gypsum
powder, cement, and iron powder were prepared in
different masses, which were estimated based on the
model size and the abovementioned mix ratio of
model materials.

(2) Mixing: firstly, coarse sand, barite powder, and iron
powder were weighed and poured into the mixing
tank which mixed them evenly into aggregate.
Secondly, gypsum powder and cement were added to
the aggregate. Thirdly, a shovel was used to stir the
mixed materials by lifting and dropping them 10-15
times, during which water was added. Water amount
must be strictly controlled to prevent segregation.
After fully mixing, the material was in a plastic state
with fluidity. Finally, the material was poured into
the preassembled mold to solidify.

(3) Drying and demolding: mold filled with material was
carefully moved to the drying chamber. A far in-
frared heating plate of 20 x 30 cm was used to bake
the mold for 7 days. The temperature was strictly
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TaBLE 2: Orthogonal design of similar materials.

Grou Factor A Factor B Factor C Factor D

b Iron powder content (%) Gypsum content (%) Gypsum : cement Coarse sand : barite powder
1 5 10 1:1 1:1
2 10 15 2:1 2:1
3 15 20 3:1 3:1
4 20 25 4:1 4:1

TaBLE 3: Physicomechanical test parameters of the material.
Parameters Bulk density  Elastic modulus Compressive strength Internal friction ~ Cohesion Poisson’s ratio
(kN/m?) (MPa) (MPa) angle (°) (kPa)

Prototype material 22.8-26.3 4500-5200 8.2-15.1 28-38 476-710 0.2
(Shoukoubao dam)
Model material (test value) 23.5 46.02 0.11 32 512 0.2

FIGURE 1: Model similar material testing process.

TaBLE 4: Model similarity parameter table.

Similarity
constant C CuC C G C Cy C G5 Cp
Value 100 1 1 1 1 1 100 100 100 100°

Note. The meaning of each symbol is as mentioned above.

controlled between 40°C and 45°C to ensure the mold
was heated evenly as too high temperature will lead
to dehydration and powdery surface. What is more,
if the temperature becomes too high, strength and
elastic modulus of the newly formed blank will be
reduced significantly, which will affect the mea-

surement results. After drying, the blank can be
demolded.

(4) Polishing and molding: after demolding, the blank
was larger than the dam model, and its surface was
attached with a hard shell (consisting of oil, dust,
etc.). Therefore, it needs to be polished manually or
mechanically before connecting with the dam
foundation. The surface smoothness of the model
was corrected repeatedly with the prefabricated
sample. The accuracy was controlled at +3 mm to

ensure the accuracy of the subsequent loading
measurement. The fabrication of dam body mold is
shown in Figure 2.

4.3. The Model Measurement System and Loading. The
measurement system in the dam model test comprised
strain measurement and displacement measurements. The
strains and displacement of the dam body surface were
monitored with resistance strain gauges and displacement
digital display instruments, respectively. Three rows of
strain measuring points, numbered 1-9, 10-18, and
19-23, were arranged at the dam bottom, 1/3 dam height
and 1cm near the dam bottom, respectively. The same
measuring points were also arranged on the back of the
model at the same time as objects of reference. Each
measuring point was equipped with a strain gauge rosette
containing three resistors at 45° relative orientations, and
a compensator was set up to eliminate the temperature
effect. Vertical displacement sensors whose numbers were
No. 1, No. 3, No. 5, and No. 7, respectively, and horizontal
displacement sensors whose numbers were No. 2, No. 4,
No. 6, and No. 8, respectively, were installed on the dam
crest on the downstream face, at 2/3 dam height, 1/3 dam
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Water-side

IZO lll IZZ IZ3 %4 I? %4 %4 4
XK ~ N K K K K K K
1 2 3 4 5 6 7 8 9
Foundation
L— Dispalcement meter

K Strain rosette

F1GURE 3: Measurement system.

height, and the toe of the dam, respectively, as shown in
Figure 3.

This test simulated the water pressure and the self-weight
of the dam as main loads, without considering the seepage
field and the seismic load. Among the loads considered, the
upstream normal water level was taken as the water pressure,
and the self-weight was simulated by ensuring that the
prototype material had the same volume density as the dam
material [40]. Three jacks were used to act vertically on the
steel plate, which was flat against the dam surface to
transform the point loads of the jacks into the surface load
on the upstream face of the dam, as shown in Figure 4.

4.4. Test Results and Analysis. The dam model test contained
two periods: the construction simulation and the normal op-
eration simulation. During the construction period, the dam
was divided into four layers and placed layer by layer to monitor
the stress of the dam foundation and body, considering only the
dam gravity. As the water pressure was an additional factor
during the normal operation period, the dam layers during the
construction period were closely bonded with polymer
cementing materials (model 1#), and the whole load was applied
to measure the stress and displacement of the dam foundation
and the dam body. In addition, a comparison model (model 2#)

FIGURE 4: Loading system.

was made using overall pouring to verify the data. The stress
value was positive in compression and negative in tension, the
horizontal displacement was positive downstream, and the
vertical displacement was positive upstream [41].

4.4.1. Stress Measurement during Construction. The dam
stress during the construction period was obtained after the
measured data were processed based on the measurement
scale of the model, as shown in Figure 5.

The test results show the following: (1) during the
construction period, the stress of dam foundation, dam
bottom, and dam center was very small. The maximum
stress of the dam was found in the middle of the dam
bottom, which was less than 0.6 MPa, about 1/14-1/25 of
the designed compressive strength of the dam material.
(2) The stress of the dam body and the foundation in-
creased as the construction height rose. For the dam
body, the stress was identified as compressive stress.
Tensile stress appeared near the toe and heel of the dam,
but the value was very small. (3) At different elevations,
the stress was distributed symmetrically around the axis
of the dam. The reasons were analyzed by simulating the
construction process of CSGD. The construction period is
only affected by the gravity of the dam body. It turned out
that the construction period was only affected by the self-
weight of the dam body, while the profile of the dam body
was designed to be symmetrical and the stress was uni-
form. As a result, only compressive stress was generated
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inside the dam body. The gravity of the dam body caused

slight settlement deformation of the dam foundation, and 6L

the created tensile stress appeared near the toe and heel of -

the dam, which were both within the allowable range [42]. N 5
E o o
E L

4.4.2. Stress Measurements and Displacement Measurements E

during Normal Operations. The measured data were pro- §

cessed according to the measurement scale of the model. The £ 0 1; 1'3 é 1')

stress of the dam body in the normal operation period was A Measuring point

obtained by excluding the data of the self-weight influence -2+ ¢)

on the dam body and dam foundation in the process of I o ©

layered loading, keeping only the data of the dam body 4l o

under water load, as shown in Figure 6 (1#: cemented dam

body, 2#: overall pouring). The dam displacement during the
normal operation period is presented in Figure 7.

The test results indicate the following: (1) The slight O Vertical displacement
and consistently distributed differences of stress between  Figure 7: Displacement survey map during normal operation
consolidated model (1#) and overall casting model (2#) period.

& Horizontal displacement



under normal operation show that the impact of the
layered and graded loading simulation construction on
dam body and foundation is rational. (2) Compressive
stress, the stress undertaken by the foundation and the
body of the model dam, generally peaks when measured at
the bottom of the dam and reaches the maximum level
(less than 0.9 MPa) in the downstream of the dam bottom,
ranging from 1/9 to 1/17 of the designed compressive
strength of dam material. (3) The stress distribution of
dam foundation and dam body under operation is totally
different from that under construction. The stress dis-
tribution increases gradually from upstream to down-
stream at the same elevation, while the stress distribution
of dam body decreases gradually from bottom to top if
measured at different elevations. The analysis shows that
self-weight and water load, vertical to the upstream
surface, are the main sources of stress compressing the
dam body. Meanwhile, the section of the dam is designed
to be symmetrical, so the stress is distributed evenly as the
self-weight of the dam body counteracts the tensile stress
on the dam heel from the water load [43].

The distribution law of displacement: Under the pressure
of water load and self-weight, the whole dam body deforms
horizontally towards the downstream, with the maximum
deformation at 2/3 height of the dam; vertically, the dam has
settlement deformation with the maximum deformation at
0.65% of the dam height at the top of the dam.

The stress level of the body and the foundation of the
model dam are too low under the two abovementioned
construction conditions where the potential of material
strength cannot be fully realized, and the section design can
be further optimized. When operating normally, the de-
formation of dam body is even slighter than that of dams
built with similar materials. Therefore, CSGD proved to be a
safe new type of dams [44].

5. Conclusions

This paper takes CSGD in Shoukoubao, Shanxi Province, as
a prototype to introduce in detail the similarity principle of
model test and describe the selection steps of CSG model.
The material similar to the one used in CSG dam for the
model has been developed as a mix of coarse sand, barite
powder, gypsum powder, cement, and iron powder. The
model-based tests of dam body have studied the two working
conditions of construction and normal operation. The main
conclusions obtained were as follows:

(1) As the results of extensive experiments show, the
physical and mechanical parameters of the model
material are the closest to the target value of the
prototype when the iron powder content is 10%,
gypsum content is 20%, gypsum: cement=2:1, and
coarse sand: barite powder=3:1.

(2) The maximum stress of dam body, found at the
center of the bottom during construction, is about
1/14-1/25 of the designed compressive strength of
dam body material, distributed symmetrically on
both sides of the axis of the dam. When operating,
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the stresses of the foundation and the body of the
model dam are compressive stresses which gener-
ally peak when measured at the bottom of the dam
and reach the maximum level in the downstream of
the dam bottom, ranging from 1/9 to 1/17 of the
designed compressive strength of the dam material.

(3) The stress distribution increases gradually from
upstream to downstream at the same elevation, while
the stress distribution of dam body decreases
gradually from bottom to top if measured at different
elevations. Under the pressure of water load and self-
weight, the whole dam body deforms horizontally
towards the downstream, with the maximum de-
formation at 2/3 height of the dam; vertically, the
dam suffers settlement deformation with the maxi-
mum deformation at 0.65% of the dam height at the
top of the dam.

(4) The stress level of the body and the foundation of the
model dam are too low under the abovementioned
two construction conditions where the potential of
material strength cannot be fully realized and the
section design can be further optimized. Therefore,
CSGD proved to be a safe new type of dams. In
addition, taking the nature of discreteness of CSG
material into consideration, further research should
be conducted to solve issues including upgrading
simulation when selecting model materials and the
method to load the internal seepage field in the
process of dam model experiment.
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Based on the bending tests of seven reinforced concrete (RC) short beams strengthened with carbon fiber reinforced polymer
(CFRP), the bending stiffness curves of the whole process of the short beams strengthened with CFRP were obtained. The variation
law of bending stiffness curve of short beam in the whole loading process was analyzed. Based on the reasonable calculation
assumption, the calculation method of flexural rigidity of short reinforced concrete beams strengthened with CFRP sheets in the
whole loading process was put forward. The comparison between the calculated value and the test value of bending stiffness
showed that the calculation method of bending stiffness was reasonable and had high calculation accuracy. This calculation
method can be used not only in the calculation of flexural rigidity of short reinforced concrete beams strengthened with CFRP
sheets but also in the calculation of flexural rigidity of ordinary short reinforced concrete beams. The calculation method in this
paper can provide a theoretical basis for the deformation calculation of reinforced concrete short beams strengthened with

CFRP sheets.

1. Introduction

In China, a large number of structural engineering has been
damaged or destroyed due to the damage of natural disasters
such as earthquake, the increase of service load, the long
construction time, or the lower original design standard. It is
necessary to reinforce and reconstruct the existing engi-
neering structure. In the existing engineering structure,
there is a kind of simply supported beam whose span height
ratio is between 2 and 5, which is called short beam. Short
beam is a common horizontal component in the existing
engineering structure. It is not only widely used in con-
struction engineering but also widely used in hydraulic
engineering, port engineering, railway, highway, municipal
engineering, and other fields [1]. Because of the small span
height ratio, the short beam has a large bearing capacity. The
failure of reinforced concrete short beam belongs to bad
brittle failure. In order to improve the ductility and bearing
capacity of reinforced concrete short beams, it can be

realized by adding a certain amount of short fiber or by fiber
reinforced polymer (FRP) reinforcement. Steel fiber, poly-
propylene fiber, and polyvinyl alcohol fiber are the short
fibers to be added. This method is often used in new
structure [2-4]. FRP is more suitable for the reinforcement
of existing reinforced concrete structures. Among the
commonly used FRP materials, the CFRP material has the
best performance and is most commonly used in structural
strengthening [5].

Scholars at home and abroad have done a lot of ex-
perimental and theoretical research on the flexural behavior
of reinforced concrete shallow beams strengthened with FRP
materials and achieved many research results [6-10]. There
are many research studies on the calculation method of
bearing capacity of beams strengthened with CFRP in the
existing literature [11-15]. There are few studies on the
stiffness of beams strengthened with CFRP in the existing
literature [16-18]. In the existing literature, the research
object of flexural rigidity is mostly reinforced concrete
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shallow beam [19-21]. The stiffness analysis method is often
used in the existing literature [22]. The obtained stiffness
calculation formula is cumbersome or needs to be discussed
[23-25]. The stress stage of the existing literature is the stage
before the steel bars yield, and the stiffness after the steel bars
yield has not been studied. In view of the importance of
beam stiffness to deformation calculation and the lack of
current research, based on the effective moment of inertia
method, this paper further discusses the calculation method
of short-term stiffness of reinforced concrete short beams
strengthened with carbon fiber reinforced plastic sheets in
the whole loading process.

In order to study the flexural rigidity of short RC beams
strengthened with CFRP sheets, the flexural rigidity ex-
pression consistent with that of ordinary reinforced concrete
beams is established. In this paper, the influence of CFRP
layers, concrete strength grade, and longitudinal rein-
forcement ratio on the flexural rigidity of reinforced con-
crete short beams is studied through 7 members. In this
paper, the calculation formula of flexural rigidity for short
reinforced concrete beams strengthened with CFRP sheets
and ordinary short reinforced concrete beams is put
forward.

2. Experimental Program

Seven beams were designed in this experiment. The cross
section of the beams was 150 mm in width and 500 mm in
height. The clear span was 2000 mm with the span ratio of 4.
The geometrical dimensions and reinforcement of the beams
are shown in Figure 1. One beam was an ordinary RC short
beam without CFRP sheets and the rest were RC short beams
with CFRP sheets. As shown in Figure 2, CFRP sheets were
pasted on the beam bottom to improve bending strength,
and two strips of CFRP sheet with 100 mm width were set up
in the bending shear zone of each side to prevent the oc-
currence of stripping at the ends. The detailed design pa-
rameters of beams are shown in Table 1. The measured
elastic modulus of CFRP sheet was 246 GPa, the tensile
strength was 3512 MPa, the thickness was 0.167 mm, and the
elongation was 1.71%. The measured mechanical properties
of concrete and reinforcement are shown in Tables 2 and 3.

A monotone static loading test was carried out for all
beams. The concrete strain, deflection, inclination, and
bearing capacity of beams are measured. The arrangement of
test loading and measuring equipment is shown in Figure 3.
The concrete strains in the compression zone, tension zone,
and beam height range of the pure bending span were
measured using the strain gauges of 7 shape. Strain-type
displacement sensors were arranged in the upper part of the
support, the lower part of the loading point, and the middle
of the span to measure the deflection. Ten inclinometers
were placed at 25 mm intervals on the top of the beam to
measure the rotation angle of the top of the beam. All test
data were collected by a data acquisition instrument.

The cracking load, yield load, and ultimate load of 7 test
pieces measured in the test are listed in Table 4. The failure
modes of CFRP strengthened beams include three modes:
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first tensile failure of CFRP, first crushing failure of concrete,
and almost simultaneous boundary failure of both. The
specific failure modes are also listed in Table 4.

The values of curvature and stiffness for the pure bending
section of beam under different bending moments were
calculated by equations (1) and (2). All bending moment-
curvature curves and bending moment-stiffness curves are
drawn in Figures 4-10.

1 (& +%)

b= = (1)

p-pr=-M (2)
¢,

where p is the radius of curvature; €, is the average concrete
strain in the compression zone of pure bending section; & is
average concrete strain in the tension zone of pure bending
section; h is the average distance between strain gauge in the
compression zone and the tension zone of the pure bending
section; E is the elastic modulus of concrete; I is inertia
moment of beam; and M is the bending moment of the
midspan section.

The general characteristics of bending moment-curva-
ture and bending moment-stiffness curves are shown in
Figures 11 and 12, respectively. Curves are divided into three
stages by the cracking moment, yielding moment, and ul-
timate bending moment:

(1) Stage of precracking of concrete: the curvature is
linear, and linear slope is a maximum value. The
stiffness is a constant value in general. However, the
measured bending stiffness changes greatly because
of the small curvature in this stage, which is affected
by the precision of 7 strain gauge, and there will be
small fluctuation in curvature. From formula (2), it
can be seen that the small fluctuation of curvature
will cause great fluctuation in bending stiffness.
Therefore, the bending stiffness value close to the
cracking load should be taken as the fixed value in
this stage as far as possible.

(2) Stage of concrete cracking to the yield-steel: the
curvature is approximately linear, the slope de-
creases, and the stiffness decreases sharply. A non-
linear regulation is presented in this stage.

(3) Stage of the yield-steel to the ultimate bearing state:
the curvature is also approximately linear, and the
slope and stiftness continuously decrease. A nonlinear
change regulation is also presented in this stage.

3. Calculation of Bending Stiffness

3.1. Calculation Assumption. There are three assumptions
for the calculation of bending stiffness:

The concrete is elastic in the precracking stage.

In the stage of concrete cracking to the yield-steel, the
compressive strain of concrete is smaller than the peak
strain. Concrete is assumed as a linear elastic material,
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TaBLE 1: Design parameters of the specimen.
No. Beams ID CERP sheet layers Concrete strength Reinforcement ratio (%)
1 B-0-30-4 0 C30 0.42
2 B-1-30-4 1 C30 0.42
3 B-2-30-4 2 C30 0.42
4 B-1-20-4 1 C20 0.42
5 B-1-40-4 1 C40 0.42
6 B-1-30-6 1 C30 0.60
7 B-1-30-8 1 C30 0.82
TaBLE 2: Mechanical performance index of concrete.
Concrete strength .
Beams ID . . . Modulus of elasticity (MPa)
Cube strength (MPa) Axial compressive strength (MPa) Tensile strength (MPa)
B-0-30-4 32.95 22.67 1.72 16073.9
B-1-30-4 38.11 32.62 2.40 23023.6
B-2-30-4 36.38 29.63 2.11 20325.7
B-1-20-4 35.60 26.67 2.06 19490.8
B-1-40-4 43.85 38.37 2.69 24078.7
B-1-30-6 35.49 21.91 1.82 20898.2
B-1-30-8 32.18 23.59 2.00 16495.0

TaBLE 3: Mechanical performance index of steel bar.

Rebar grade

Diameter (mm)

Yield strength (MPa)

Tensile strength (MPa)

Modulus of elasticity (GPa)

8
10
12
14

HRB400

418
411
520
421

642

641

616
543

200
200
200
200
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TABLE 4: Main test results of the specimen.
Beams ID Cracking load (kN) Yield load (kN) Ultimate load (kN) Failure mode
B-0-30-4 66.5 153.0 223.0 Failure mode of suitable reinforced beam
B-1-30-4 100.0 188.9 282.0 CFRP sheet pulled
B-2-30-4 98.0 190.3 355.0 Boundary failure
B-1-20-4 83.0 154.4 283.0 CFRP sheet pulled
B-1-40-4 115.0 170.5 303.0 CFRP sheet pulled
B-1-30-6 82,5 294.8 358.9 Concrete crushed
B-1-30-8 92.0 325.0 371.4 Concrete crushed
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FIGURE 4: B-0-30-4. (a) Bending moment-curvature curve. (b) Bending moment-stiffness curve.

and the tensile steel bar is still elastic. The stress-strain
relationship conforms to Hooke’s law. The average
strain of the beam section is assumed to be in line with
the plane section assumption. The correction coeffi-
cient of internal force arm is taken into account for the
short beam, and the calculation method is conformed
to reference [16]. The resistance to tension of concrete
in the tensile zone of cracking section is ignored.

The basic assumption in the stage of the steel yield to
the ultimate bearing state is in accordance to reference
[16].

3.2. Calculation of the Precracking Stage. In this stage, as the
concrete has not cracked yet, the steel bar and CFRP sheet
can be equivalent to concrete according to the elastic theory.



Advances in Civil Engineering

Bending moment M (kN-m)

1

Bending moment M (kN-m)

130
120
110
100
90
80
70
60
50
40
30
20
10

Bending moment M (kN-m)

00 100
90 + 90
80 é 80
70 + 2 70t
60 | = 60l
g 50
50 g 3
my g w0l
30 | 2 30|
3
20 + 5 20t
A
10 10 |
0.00 0.01 0.02 0.03 0.04 0 10000 20000 30000 40000 50000 60000
Curvature ¢ (m™) Flexural stiffness B (kN-m?)
(a) (b)

FIGURE 5: B-1-30-4. (a) Bending moment-curvature curve. (b) Bending moment-stiffness curve.
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So, the calculation equations of parameters for beam section
are established.

The height of neutral axis from the edge of concrete in
the compressive zone x, and the inertia moment of section
I, can be calculated by the following two equations:

(bh2/2) + (“E - 1)A5h0 + chAfh
bh + ((XE - I)As + OCfAf

Xo =

(3)

_bxg b(h-x)
3 3
+(XfAf (h—xo)z,

IO (aE - l)AS (h() - ‘XO)2 (4)

where b, h, and h, are beam width, height, and the distance
from the joint action point of tensile steel bars to the
compression edge of the beam, respectively. A and A are
section areas of tensile steel bar and CFRP sheet, respec-
tively. a is the ratio of elastic modulus of steel bar to the
elastic modulus of concrete (E,/E,). a is the ratio of elastic
modulus of CFRP sheet to the elastic modulus of concrete
(EfIE). Es E, and E; are elastic moduli of steel bar,
concrete, and CFRP sheet, respectively. I, is the inertia
moment of the uncracked beam section.

Thus, the bending stiffness B, of the uncracked beam
section is calculated using the following equation:

B=B, = EI,. (5)

The cracking moment is calculated using the following
equation:

metIO
M, =————, 6
cr (h—xo) ( )

where f, is tensile strength of concrete and y,, is the plastic
coeflicient of section resistance moment. The value of y,, is
1.75, referring to the ordinary RC beam.

3.3. Calculation of Concrete Cracking to the Yield-Steel. Tt is
assumed that the concrete in the compression zone is a linear
elastic material, and the cross-sectional force diagram at this
stage is shown in Figure 13. C is the resultant force of
compression concrete. 0, and A, are tensile stress and area of
steel bars, respectively. o, and Ay, are the tensile stress and
effective area of CFRP sheets. Ay, is the actual area of the
CFRP sheet multiplied by the thickness reduction coeflicient
K,,. The value of K,, is determined according to Chinese
specification GB50367-2013 [26].
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When the tensile steel yields, equations (7) and (8) can be
obtained according to the equilibrium condition of the force.

1
fyAs+opA, — b, =0, (7)

Ee, A, +EreAp - %bxcEcsc =0, (8)
where f y Oc> and x, are yield strengths of steel bar, com-
pressive stress of concrete, and height of the concrete
compression zone, respectively.

The vyield strain ¢, of steel bar is known from
€, = (fy/ES). As shown in equations (9) and (10), the
concrete strain ¢, and CFRP sheet strain ¢ can be obtained
from the similar triangle relation of strain.

£,X,

S (©)
0

g (h-x.) 10

o= hy—x, (10)

Equations (9) and (10) are substituted into equation (8)
to obtain the following equation:
ylh-x), 1

E£A+th_ ——bE

- 11
cch 0. (D

The height of the compression zone x, can be obtained
by solving equation (11), and then the yield bending moment
is obtained as follows:

X X

M}' = ESSyASOCd<hO —?C> +Ef£fAf(xd(h—?C>. (12)

When the steel yields, the inertia moment of the cracked
section I, can be calculated by the following equation:

1
I, = gbxf +(ag - DA, (hy—x,.)" + apAs(h- x.).

(13)

The inertia moment of the cracked section I, is the
minimum inertia moment of each section along the com-
ponent axis. The stiffness of the cracked section is calculated
using the following equation:

B,=E.I

cr crcre

(14)

In this stage, the value of average section stiffness B is a
value between B, and B,,, which decreases with the increase
of bending moment.

For the ordinary RC beam, according to the United
States code ACI318-05 [27], the effective stiffness of the
beam section B in normal service stage is calculated using
the following equation:

M_\?3 M_\?
By =E.Iq = <W> EI, +[1 —( M) Eclcr]. (15)

According to the test data of bending moment-bending
stiffness curve in this experiment, the equation of bending
stiffness for RC short beams strengthened by CFRP sheet is
obtained using the nonlinear regression method.

M \* M \*
B=(55) BO+[1—< <) Bcr].
M M
When the bending moment M is the yield bending

moment M, the calculated yield stiffness B,, of the beam is
calculated using the following equation:

MCI’ ! MC!‘ !
B, = By+|1- B, |
M}V M)’

3.4. Calculation of Longitudinal Bars after Yielding. Two
bending failure modes as breakage of CFRP sheet and
crushing of concrete are observed in this experiment. Two
theoretical equations for calculating the bending capacity
M, in corresponding failure modes have been established in
literature [16]. The calculation method in this paper is the
same as that in reference [16]. Equations (18) and (19) are
calculation equations of section curvature ¢,, respectively.
For the breakage of CFRP sheet:

_ (0.9¢5,/ (h —x,)) .

(16)

(17)

18
9, . (18)
For the crushing of concrete:
(Scu/'xc)
= 19
b= (19)

In the ultimate bearing state, the bending stiffness B,, is
calculated using the following equation:
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TaBLE 5: Experimental and calculated values of cracking moment, yield moment, and ultimate moment of member (unit: kN-m).
M M M
Beam ID < . 4 . " .
Exp. Cal. Ratio Exp. Cal. Ratio Exp. Cal. Ratio
B-0-30-4 22.17 21.24 1.044 50.99 152.51 0.971 74.33 71.73 1.036
B-1-30-4 33.33 28.91 1.153 62.95 59.77 1.053 94.00 95.62 0.983
B-2-30-4 32.67 26.13 1.250 63.42 65.97 0.961 118.33 114.24 1.036
B-1-20-4 27.67 25.27 1.095 51.47 59.41 0.866 94.33 93.59 1.008
B-1-40-4 38.33 32.25 1.188 56.82 59.89 0.949 101.00 97.93 1.031
B-1-30-6 27.50 22.98 1.196 98.26 102.86 0.955 119.63 120.48 0.993
B-1-30-8 30.67 27.63 1.110 108.33 107.53 1.008 123.80 128.48 0.964
Mean value 30.33 26.34 1.148 70.32 86.85 0.966 103.63 103.15 1.007
Mean-square deviation 517 3.69 0.070 23.23 35.69 0.057 17.91 19.27 0.029
Coeflicient of variation 0.17 0.14 0.061 0.33 0.41 0.059 0.17 0.19 0.028
M., denotes cracking moment. M, denotes yield moment. M, denotes ultimate moment.
TaBLE 6: Experimental and calculated values of cracking curvature, yield curvature, and ultimate curvature of members.
Beam ID for . by . b .
Exp. Cal. Ratio Exp. Cal. Ratio Exp. Cal. Ratio
B-0-30-4 9.98 8.94 1.116 0.592 0.553 1.071 4.965 4.363 1.138
B-1-30-4 6.71 7.45 0.900 0.640 0.532 1.203 3.313 3.328 0.995
B-2-30-4 8.82 7.70 1.144 0.568 0.593 0.958 4.302 3.556 1.210
B-1-20-4 7.52 7.66 0.982 0.453 0.578 0.784 3.367 3.391 0.993
B-1-40-4 7.29 8.10 0.900 0.401 0.468 0.857 2.970 3.308 0.898
B-1-30-6 7.68 7.50 1.024 0.673 0.833 0.808 2.442 2.976 0.821
B-1-30-8 10.60 11.10 0.955 0.753 0.783 0.962 2.686 2.971 0.904
Mean value 8.37 8.35 1.003 0.580 0.62 0.949 3.44 3.41 0.994
Mean-square deviation 1.47 1.32 0.098 0.120 0.14 0.150 0.90 0.47 0.138
Coefficient of variation 0.18 0.16 0.097 0.210 0.22 0.158 0.26 0.14 0.139
¢, is cracking curvature. ¢, is yield curvature. ¢, is ultimate curvature.
TaBLE 7: Experimental and calculated values of cracking stiffness, yield stiffness, and ultimate stiffness of members.
B B B
Beam ID 0 ) Y ) Y )
Exp. Cal. Ratio Exp. Cal. Ratio Exp. Cal. Ratio
B-0-30-4 2.22 2.38 0.933 0.86 0.95 0.906 1.50 1.64 0.915
B-1-30-4 4.97 3.88 1.281 0.98 1.12 0.879 2.84 2.87 0.990
B-2-30-4 3.71 3.39 1.094 1.12 1.11 1.009 2.75 3.21 0.857
B-1-20-4 3.68 3.30 1.115 1.14 1.03 1.107 2.80 2.76 1.014
B-1-40-4 5.26 3.98 1.322 1.42 1.28 1.109 3.40 2.96 1.149
B-1-30-6 3.58 3.06 1.170 1.46 1.23 1.187 4.90 4.05 1.210
B-1-30-8 2.89 2.49 1.161 1.44 1.37 1.051 4.61 4.32 1.067
Mean value 3.76 3.21 1.154 1.20 1.16 1.035 3.26 3.12 1.029
Mean-square deviation 1.07 0.62 0.128 0.24 0.15 0.112 1.17 0.89 0.124
Coefficient of variation 0.28 0.19 0.111 0.20 0.13 0.108 0.36 0.28 0.121

B, is cracking stiffness. B, is yield stiffness. B,, is ultimate stiffness.

- @0)
b
At this stage, the value of bending stiffness B of the beam
section is a value between B, and B, and decreases with the
increase of bending moment. According to the experimental
data of bending moment-bending stiffness, the nonlinear
regression method is adopted to obtain the calculation
equation of bending stiffness of RC beams reinforced by

B

CFRP sheet in the stage of yield-steel to the ultimate bearing
state.

By +(Bu B By)(M B My)oj
(Mu _ My)0.7

B= (21)

When the bending moment M is equal to the yield
bending moment M, the bending stiffness of the beam is
calculated using the following equation:
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B=B (22)

ur

4. Comparison of Calculated and
Experimental Data

The test and calculated values of cracking, yield, and ultimate
bending moment are shown in Table 5. The ratio in the table
is the calculated value divided by the test value. The average
values of the ratio of cracking, yield, and ultimate bending
moment are 1.148, 0.996, and 1.007, respectively. The co-
efficient of variation of the ratio of cracking, yield, and
ultimate bending moment is 0.061, 0.059, and 0.028,
respectively.

The test and calculated values of cracking, yield, and
ultimate curvature are shown in Table 6. The ratio in the
table is the calculated value divided by the test value. The
average values of the ratio of cracking, yield, and ultimate
curvature are 1.003, 0.949, and 0.994, respectively. The
coeflicients of variation of the ratio of cracking, yield, and
ultimate curvature are 0.097, 0.158, and 0.139, respectively.

The test and calculated values of cracking, yield, and
ultimate bending stiffness are shown in Table 7. The ratio in
the table is the calculated value divided by the test value. The
average values of the ratio of cracking, yield, and ultimate
flexural rigidity are 1.154, 1.035, and 1.029, respectively. The
coefficient of variation of the ratio of cracking, yield, and
ultimate flexural rigidity is 0.111, 0.108, and 0.121,
respectively.

The bending moment-curvature curve and bending
moment-flexural rigidity curve are shown in Figures 14-20.
It can be seen from the figures that the dotted line is the
calculated value and the solid line is the test value. Except for
the difference between the calculated value and the test value
at the cracking moment, the calculated value and the test
value at the rest of the moment are basically consistent.

The comparison between Tables 5-7 and Figures 14-20
shows that the bending rigidity calculation method proposed
in this paper is reasonable, with high calculation accuracy,

and is suitable for the bending rigidity calculation of rein-
forced concrete short beams strengthened with carbon fiber
sheet.

5. Conclusions

Based on the experiment of flexural performance of short
reinforced concrete beams strengthened with CFRP sheets,
the calculation method of flexural rigidity of short beams in
the whole loading process was proposed. The calculated
flexural rigidity value was compared with the experimental
value, and the following conclusions are drawn:

The characteristics of the bending moment-curvature
curve and the bending moment-stiffness curve of the
pure bending section in the span of 7 specimens were
obtained. The curve of flexural stiffness was divided
into three sections by cracking load and yield load. The
bending stiffness curve after cracking moment was
nonlinear.

According to the characteristics of the three stress
stages, the reasonable calculation assumption was
adopted. Based on the effective moment of inertia
method, the calculation formula of flexural rigidity of
reinforced concrete short beams strengthened with
CFRP sheets was proposed. The formula was applicable
to both short beams strengthened by CFRP and or-
dinary reinforced concrete beams without reinforce-
ment, and the calculation accuracy was high.

The calculation method of flexural rigidity proposed in
this paper can provide theoretical basis for the calcu-
lation of the corner of the reinforced concrete short
beam strengthened by CFRP and also provide data
support and reference for other research studies in the
future.
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By applying early disturbance to the concrete, the influence of the disturbance on the macroscopic mechanical properties of basalt
fiber concrete during the period from the initial setting to the final setting is explored, and the influence mechanism is revealed.
Also, the influence of this disturbance on the process of sulfate erosion of concrete is evaluated by the sulfate erosion test and by
the ultrasonic data acquisition of its damage process. The experimental results show that the flexural strength of basalt fiber
concrete is increased after the concrete has been disturbed in the early stage of condensation but is decreased in the middle stage of
condensation and is not affected in the later stage. When the condensation and hardening processes are disturbed, damage is
caused inside the concrete, which is greater with the increase in the condensation degree until the penetration resistance reaches
about 15 MPa, which then is more and more reduced. The durability of basalt fiber concrete is reduced by disturbance, which has a

significant effect on it when the penetration resistance is between 7 MPa and 16 MPa.

1. Introduction

Concrete materials demonstrate excellent compressive
performance, but the tensile strength is only 1/10 of its
compressive strength, which is unfavorable to the concrete
in the tensile zone of the structure [1-3]. Addition of fiber
can much improve this defect. There are many kinds of fibers
often used in concretes, such as steel fiber, carbon fiber, glass
fiber, cellulose fiber, polypropylene fiber, and polyvinyl
acetate (PVA) fiber [4, 5]. The addition of fiber can improve
the strength and durability of concrete, prolong its service
life, and adapt to complex environment [6-8]. In the early
stage of condensation and hardening, since the cement
hydration process has not been completed, the strength and
bonding properties of concrete continue to change with the
age of it, and the structural properties of concrete also keep
changing. Therefore, the concrete structure in the early age is
essentially different from that in the normal use stage [9, 10].
As a heterogeneous mixed material, the performance of
hardened concrete depends on its early microstructure
formation process [11]. In order to ensure the overall
progress and continuity of the project, blasting excavation

and impact piling are often carried out in parallel with the
concrete pouring construction, resulting in inevitable con-
struction vibration around the concrete structure, and we
call it disturbance [12, 13]. Before the concrete is finally set,
its internal microstructure has not been fully formed, and
the concrete is very sensitive to the influence of external
disturbances. Disturbance causes tensile stress inside the
concrete, resulting in microcracks that cannot be closed
[14, 15]. The presence of these microcracks will provide an
intrusive channel for corrosive media, which not only di-
rectly affects the aesthetics of building decoration but affects
the durability and working life. Compared with ordinary
concrete, the tensile strength and ultimate elongation of fiber
concrete are improved [16, 17]. Studies show that addition of
fibers significantly improves the early plastic cracking,
antiabrasion, and impact resistance of mortar and concrete
[18]. Fiber has a significant effect on the crack resistance of
cement concrete. The chaotic support system formed by the
fibers in concrete produces an effective reinforcement effect,
which greatly improves the crack resistance of concrete [19].

Basalt fiber is a new type of concrete reinforced material.
It has the advantages of high cost performance, high tensile
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strength, anticorrosion, high temperature resistance, and
good crack resistance, which make it an ideal substitute for
other fiber materials [20-22]. At present, the research on
basalt fiber in the field of civil engineering is mainly focused
on the mechanical properties of basalt fiber concrete, but the
influence of disturbance on basalt fiber concrete is rarely
studied [23]. Therefore, systematic research on the impact of
disturbance on the performance of early basalt concrete is of
important theoretical and practical value to the analysis and
control of early disturbance safety during the construction
period of fiber-reinforced concrete structures.

2. Test Materials and Methods
2.1. Test Material and Specimen Preparation

2.1.1. Test Material. The cement used in the test was PeO
42.5R cement, and the performance indices are shown in
Table 1. Natural river sand was adopted as fine aggregate,
whose fineness modulus was 2.9, and apparent density was
2650 kg/m’. Crushed limestone was taken as coarse aggre-
gate, which was continuously graded from 5 to 25 mm, with
an apparent density of 2690 kg/m>. The physical and me-
chanical property indices of basalt fiber used are shown in
Table 2. When preparing concrete, in order to save cement,
improve the workability of the mixture, or reduce the water-
cement ratio to increase the concrete strength level, a certain
amount of water-reducing agent is often added. Poly-
carboxylic acid water-reducing agent was used as the water-
reducing agent, whose water-reducing rate was 25% (mass
fraction).

2.1.2. Mix Ratio Determination and Specimen Preparation.
Volume method and mass method are often employed to
determine the concrete mix ratio, among which the volume
method is the most common [24]. In order to make concrete
meet the requirements of strength grade, workability, du-
rability, and economic application, the concrete mix ratio
should be designed with careful selection of raw materials
according to specific requirements and reasonable deter-
mination of the proportion of each component [25]. The
strength grade of the concrete used in this test was C40, and
according to the information provided by the manufacturer,
the dosage of water-reducing agent was 4% of the cementing
material. According to the mix ratio experiment, the specific
proportion is shown in Table 3. The slump of the newly
mixed concrete measured 130-150 mm.

There are generally two preparation processes for
basalt fiber concrete: the direct fiber incorporation
method and the pretreatment fiber incorporation method.
Studies have shown that the incorporation of basalt fibers
will have a greater impact on the internal structure of
concrete [26]. The mechanical properties of the pre-
treatment fiber incorporation method are significantly
higher than the direct fiber incorporation method. The
former can make the fibers well dispersed in the concrete,
enhance the adhesion between the fibers and the concrete,
and thus improve the performance of the concrete matrix,
so the pretreatment fiber incorporation method is used. In

Advances in Civil Engineering

the experiment, stones and sand were first put in order
and mixed dry for 60 s; then, cement and water were added
and mixed for 30s. At the same time, the fiber was evenly
spread into the mixer, and then, the weighing water re-
ducer was added and mixed for 2 min. The fresh concrete
is mixed evenly, without segregation and bleeding, and the
workability is good. Put the fresh concrete into the mold
and use a shovel to insert the mold when entering the
mold. After entering the mold, smoothen the surface with
a shovel and vibrate on the shaker for 5s to make the
concrete fully dense.

This experiment formed two kinds of specimens of different
sizes: a cube specimen of 100 mm x 100 mm x 100 mm for the
compressive strength test and sulfate corrosion durability test
and a prism specimen of 100 mm x 100 mm x 400 mm for the
flexural strength test and ultrasonic testing.

2.2. Test Process and Method

2.2.1. Determination of Condensation Time. Since the re-
search object was the concrete which was between the initial
setting and the final setting and did not totally meet
hardening standards, the initial setting and final setting of
the concrete needed to be measured and analyzed before the
disturbance test started. The setting time of concrete was
measured by the method of penetration resistance, referring
to the setting time test in GBT50080-2016 [27], and the
penetration resistance was calculated as follows:

P
fPR:Z> (D

where fpr is the penetration resistance, MPa; P is the
penetration pressure, N; and A is the stylus area, mm?
calculation was accurate to 0.1 MPa.

Setting time was determined by the drawing fitting
method. With the penetration resistance as the ordinate and
time as the abscissa (accurate to 1min), the relationship
between penetration resistance and time was plotted. After
two straight lines parallel to the abscissa with 3.5 MPa and
28 MPa were drawn, the abscissa of the two intersections that
intersected the curve showed the initial and final setting
times of the concrete mixture.

2.2.2. Disturbance Test and Ultrasonic Testing. When con-
crete is between the initial setting stage and the final setting
stage, the disturbance has the greatest impact on its per-
formance. Therefore, the disturbed period was determined
between the initial and the final setting stages [28].
According to the influence of different disturbance forms on
concrete performance in the actual project and the relevant
literature [29-32], the DC-1000-15 horizontal electric vi-
bration table was selected to provide the disturbance, with
the frequency being 15Hz, the maximum vibration speed
37.7 cm/s, the amplitude 4mm, and the vibration forms
sinusoidal vibration. The vibration started from the initial
setting of cement mortar and was distributed in the whole
process of cement mortar condensation. The vibration
duration of each group was 40 min.
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TaBLE 1: Chemical composition and properties of PeO 42.5R cement.

Flexural strength Compressive
. o ) ) o . Stability (mm) . J strength (3d)
Initial setting time (h/min) Final setting time (h/min) (3d) (MPa) (MPa)
Standard Test Standard Test Standard Test
2/45 3/51 <5.0 0.5 >21.0 30.6 >42.5 54.6

TaBLE 2: Physical and mechanical properties of basalt fiber.

Length/mm Density (kg/m3) Tensile modulus (GPa) Tensile strength (MPa) Elongation at break (%)
18 2650 93-110 4150-4800 3.1

TaBLE 3: Concrete mix ratio (kg/m3).
Cement Sand Gravel Water Water-cement ratio Sand rate Water-reducing agent
420 760 1040 176 0.42 0.42 16.8

After curing for 7d and 28 d, the disturbed specimens
were subjected to ultrasonic nondestructive testing by an
NM-4A nonmetal ultrasonic detection analyzer to detect
whether the defects in the concrete were increased due to
disturbance, as shown in Figure 1. The test principle was that
when the wave transmits in concrete, it will encounter
various medium defects and its transmission direction and
path will inevitably change, so the energy of the wave at the
defects will be attenuated. As sound time, amplitude, and
frequency change, velocity, time, and amplitude change too
[33]. After mold removal, the specimens were cured in water
for 7d and 28 d, and then, they were, respectively, conducted
ultrasonic testing. Before the test, the specimens were kept
dry to avoid the influence of water content on the test results.
The average value of three measured data of a sample was
taken to be compared with that of the undisturbed sample,
and then, the damage degree was calculated [34].

2.2.3. Concrete Compression and Flexural Test. Considering
the limitations of a single evaluation method, the influence
of early disturbance on the macroscopic mechanical prop-
erties of concrete was comprehensively evaluated by indices
such as compressive strength, flexural strength, and damage
degree. When the test piece reached the age of 284d, its
surface was wiped clean and dry so that compression and
flexural tests referring to GBT50080-2016 could be carried
out. When compressive strength of concrete was being
measured, the loading speed during the test operation was
set 0.5-0.8 MPa per second in order to make the data re-
liable. A 100 kN universal material testing machine was used
as the flexural test equipment. When the test was being
conducted, the side of the test piece was used as the load-
bearing surface. The descending speed of the press head was
controlled to 0.5mm per minute when loading.

2.2.4. Sulfate Corrosion Test. The properties and micro-
structure of concrete are the direct factors affecting the
durability of structural engineering, and the erosion of
concrete by sulfate is one of the important factors causing
the damage and destruction to concrete [35]. Early disturbed

concrete will inevitably be exposed to sulfate erosion en-
vironment in the service process. Therefore, the early dis-
turbed concrete after being hardened was subjected to the
dry-wet cycle sulfate erosion test to explore the deterioration
degree of the disturbed concrete by sulfate erosion with
measurement of mass change rate and ultrasonic testing. The
test was conducted with reference to GBT 50082-2009
“sulfate dry-wet cycle test” [36]. Considering the effect of
concentration on the erosion mechanism and according to
the related literature, sodium sulfate solution was used as the
erosion medium in this experiment, with the solution mass
fraction being 7% [37-40]. When reaching 2d before the
predetermined age, the specimen was taken out of the
standard curing box, wiped until its surface was dry, and put
into the oven. After being dried, the specimen was cooled to
room temperature in a dry environment and then put into
the sulfate dry-wet cycling machine for test. After this test,
the mass of each sample was detected, and ultrasonic de-
tection was conducted every ten cycles.

3. Analysis of Test Results

3.1. Concrete Setting Time. The development of concrete
penetration resistance was first studied, and the conden-
sation and hardening processes were divided into three
stages. It was defined that when the penetration resistance
was 0~3.5MPa, the concrete was in the initial stage of
condensation and hardening; when the penetration resis-
tance value was 3.5~28 MPa, the concrete was in the in-
termediate stage of condensation and hardening; and when
the penetration resistance was greater than 28 MPa, the
concrete was in the later stage of condensation and hard-
ening. The resulting data are shown in Figure 2.
The fitting function equation is

y =0.0173 x 1.0125%, (2)

According to the method of setting time fitting, the
initial setting time of basalt fiber concrete was 430 min and
the final setting time was 640 min. After the initial setting
time had been determined, vibration was carried out, which
started exactly from it. The two specimens were, respectively,
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FIGURE 1: NM-4A nonmetal ultrasonic detection analyzer.
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FIGURE 2: Curve of penetration resistance-time.

disturbed at different time periods until all the specimens
were completely disturbed.

3.2. Influence of Disturbance on the Strength of Basalt Fiber
Concrete

3.2.1. Influence of Disturbance on the Flexural Strength of
Basalt Fiber Concrete. Twelve specimens were prepared by
five perturbations between the initial setting and the final
setting of concrete. They were divided into six groups, two
for each group, and numbered, respectively. The flexural test
data of basalt fiber concrete and plain concrete are shown in
Tables 4 and 5.

It can be seen from Figure 3 that the flexural strength of
basalt fiber concrete has been significantly improved by dis-
turbing the concrete specimen before the initial setting of
cement mortar. As the concrete hardens, the disturbance has a
significant negative effect on the basalt fiber flexural strength.
Since the setting time is about 400 min, the disturbance makes
the flexural strength of the fiber concrete decrease significantly.
When the penetration resistance is 7.4 MPa, the basalt fiber
concrete is vibrated, and its flexural strength reaches the lowest.

Therefore, it can be seen that the flexural strength of basalt fiber
concrete can be significantly improved by disturbing the
concrete before the initial setting. After the initial setting, the
flexural strength of basalt fiber concrete is greatly reduced by
disturbance. When basalt fiber concrete is disturbed near the
final setting, the effect of the compressive strength decreases
gradually. In addition, the flexural strength of basalt fiber
concrete is slightly higher than that of plain concrete.

This phenomenon is closely related to the bond degree of
aggregate, fiber, and gelling material. After the initial setting,
the bonds between the materials have been formed, which
make the concrete lose its plasticity, but vibrance will disturb
the newly formed bonds and separate them. Therefore, after the
disturbance, the condensation continues to be not much af-
fected. As a result, during the disturbed time, the flexural
strength loss is small. With the development of condensation
and hardening, more and more connection bonds are formed,
so the damage grows greater after the disturbance is caused. In
the later stage of condensation, due to the formation of the
bonds, the plastic loss reaches a certain stage, and the impact of
the compressive strength decreases gradually.

3.2.2. Influence of Disturbance on the Compressive Strength of
Basalt Fiber Concrete. The test process was the same as
above. The basalt fiber concrete and plain concrete com-
pressive test data are shown in Tables 6 and 7.

Tables 6 and 7 can be used to make a broken line graph,
as shown in Figure 4.

As can be seen from Figure 4, the compressive strength
of basalt fiber concrete and plain concrete first increases and
then decreases with the increase in penetration resistance
after disturbance, and the compressive strength increases
most obviously before condensation. This is because in the
early stage of condensation, the connection between the
aggregate and cementitious material has not yet been formed
and is in a separated state, and the fiber concrete is in the
plastic stage. Disturbance makes the fiber, coarse and fine
aggregates, and cementitious material fully combined so that
the various interfaces in the later stage of condensation and
hardening are fully combined, thereby enhancing the
compressive strength.
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TABLE 4: Flexural data of basalt fiber concrete.

Number Maximum force (kN) Flexural strength (MPa) Average (MPa) Vibration time (min) Penetration resistance (MPa)
gg:; 12132;8 ijég 6.301 0 0

a1z 17,020 7959 o1 10 182

Gao 12260 517 son1 10 4

Gr2 13500 5256 5432 10 6

G2 13,040 5868 5736 10 1527

= 16.20 629 6399 10 34

TaBLE 5: Flexural data of plain concrete.

Penetration resistance (MPa) Vibration time (min) Number Flexural strength (MPa) Average (MPa)
: : o) 5
1.82 40 f{ij gggi 6.377
34 40 ‘:g igg 4723
7.6 40 ‘gij g:igg 5116
15.27 40 1‘:2 2:3?; 6.253
234 40 ﬁg:; 2;7; 5.043

According to Tables 4 and 5, graphs can be drawn, as shown in Figure 3.

N W R 1NN 0 O

Flexual strength (MPa)

0 1.82 3.4 7.6 15.27

Penetration resistance (MPa)

234

—+— Plain concrete

—m— Basalt fiber concrete

FIGURE 3: Comparison of flexural strength of plain concrete and
basalt fiber concrete.

When the penetration resistance is 7~16 MPa, the dis-
turbance has a negative effect on the flexural strength of the
two kinds of concrete, while the fiber concrete is less affected.
The influence of disturbance on the compressive strength of
basalt fiber concrete and plain concrete is reduced when the

final setting is near. The influence trend of disturbance on
the two kinds of concrete is basically the same.

3.3. Influence of Disturbance on Internal Damage of Basalt
Fiber Concrete. There is a certain correlation between ultra-
sonic wave velocity and concrete strength, which can be used to
reflect the internal microscopic damage of concrete. In order to
quantitatively analyze the internal damage of concrete, the
relative value of ultrasonic wave velocity attenuation is defined
as concrete damage degree D [41], and D is calculated as follows:

2
D=1- <ﬂ> , 3)
Vo

where V; is the ultrasonic wave velocity of disturbed con-
crete, km/s, and Vj is the ultrasonic wave velocity of un-

disturbed concrete, km/s.
The graphs of ultrasonic data are shown in Figures 5 and 6.
As shown in the figures, disturbance at any time during
the whole coagulation process causes damage, but the
damage degree is different at different periods. At the initial
stage of condensation, the basalt fiber concrete is in the
plastic stage, and not so many connection bonds are formed.

The connection between basalt fiber, aggregate, and ce-
mentitious material is damaged by disturbance. However,
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TaBLE 6: Compressive data of basalt fiber concrete.

Number Compressive strength (MPa) Average (MPa) Vibration time (min) Penetration resistance (MPa)
o o 0 0

gi; ;;fég 37421 40 1.82

G 16656 36.885 40 34

G 14332 34752 % 76

gi:; gg:(g)ig 35491 40 1527

gg; gz:ggj 36.024 40 23.4

TaBLE 7: Compressive data of plain concrete.

Penetration resistance (MPa) Vibration time (min) Number Compressive strength (MPa) Average (MPa)
A0-1 35.361
0 0 A0-2 34.897 35.129
Al-1 36.213
1.82 40 AlL-2 37945 37.079
A2-1 36.676
34 40 A2-2 36.185 36.431
A3-1 33.294
7.6 40 A3-2 35.875 34.585
A4-1 34.070
15.27 40 A4-2 33.641 33.856
A5-1 34.723
23.4 40 A5-2 35.194 34.959
38 smaller at this time and the connection is more and more
= 37 difficult to form after the disturbance is stopped, the in-
E fluence of the disturbance increases. As the condensation
= progresses, the plastic phase is nearing its end and brittleness
%° 35 appears. The bonds between aggregate, cementitious ma-
g terial, and fiber are great, and the influence of disturbance on
i) .
£ 3 concrete decreases gradually in the late stage of condensa-
g 33 tion. It can be seen from the graphs that the damage degree
g " of basalt fiber concrete cured for 7 d is obviously higher than
o that cured for 28 d.
31

0.00 1.82 3.40 7.60 15.27

Penetration resistance (MPa)

23.40

—e— Basalt fiber concrete

—m— Plain concrete

FiGure 4: Comparison of compressive strength of plain concrete
and of basalt fiber concrete.

after disturbance is stopped, the basalt fiber concrete is still
in the plastic stage or has just lost its plasticity, which can be
reformed later. When the penetration resistance reaches
3.4 MPa, which marks the initial setting, the concrete is
disturbed to minimize the damage. The disturbance in the
middle stage of condensation has the greatest damage to
concrete. Because the connection between the materials is

3.4. Influence of Disturbance on Durability of Basalt Fiber
Concrete. Ultrasonic detection and mass loss measurement
were performed after cyclic immersion of sulfate solution.
The mass change rate is used to measure the quality change
in corroded concrete. The mass change rate is defined as the
ratio of the mass change in the disturbed concrete specimen
when it is eroded to a certain age to the mass before erosion,
which is calculated according to the following formula, and
the test data obtained are shown in Figures 7 and 8:

_ (mn B mO)’ (4)
My

K

m

where K, is the mass change rate of the specimen after n
days of erosion, %; myg is the mass of specimen before
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Damage degree (%)
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—e— 7d damage degree of plain concrete

FIGURE 5: Damage degree of basalt fiber concrete and plain con-

crete for 7d.
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—e— 28d damage degree of plain concrete

FIGURE 6: Damage degree of basalt fiber concrete and plain con-
crete for 28d.

erosion, kg; and m,, is the mass of the specimen after »n days
of erosion, kg.

As can be seen from Figure 7, with the increase in cycle
times, the damage caused by basalt fiber concrete also in-
creases, and the damage of disturbed specimens is greater
than that of undisturbed specimens. On the whole, the
internal defects and damage are greatest after disturbing the
basalt fiber concrete in the middle stage of condensation and
soaking it in sulfate solution. This is because in the begin-
ning, the components in the basalt fiber concrete react with
the sulfate and produce condensate, which increases the
mass of the specimen. After the cycle of soaking, the fiber
concrete is eroded and starts to peel off, so the mass becomes
smaller. Before and after the initial setting and the final
setting, the quality of the specimens changes slowly and the
durability is not affected. When the penetration resistance is
between 7 and 15 MPa, the quality of basalt fiber concrete
varies greatly, and the corrosion resistance decreases
obviously.
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FiGure 7: Basalt fiber concrete resistance to sulfate corrosion.
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FIGure 8: Quality change.

4. Conclusions

By disturbing the basalt fiber concrete and investigating the
influence of basalt fiber on the macroscopic mechanical
properties of the disturbed concrete, this paper establishes
the relationship between the microscopic strengthening
mechanism and the macroscopic mechanical properties of
basalt fiber concrete. The main conclusions are as follows:



(1) A variety of comparative tests show that the me-
chanical and antidisturbance properties of basalt
fiber concrete are superior to that of plain concrete.
This finding can be used in engineering practice to
increase the safety and stability of concrete by adding
basalt fiber.

(2) The flexural strength of basalt fiber concrete is about
21% lower, and its compressive strength is about 5%
lower than that of undisturbed specimens when the
concrete is disturbed in the middle stage of con-
densation. During the period of condensation, the
bending strength and compressive strength first
increase and then decrease with time. In addition,
the flexural strength of basalt fiber concrete is greatly
improved due to the disturbance from the early stage
of condensation to the initial setting, but the dis-
turbance has little effect on the compressive strength
of the basalt fiber concrete.

(3) In the early stage of condensation, the internal
damage of basalt fiber concrete is relatively small and
the damage degree is small too. In the middle stage of
condensation, the damage degree of basalt fiber first
increases and then decreases, and the damage degree
caused by the disturbance after the final setting is
quite small.

(4) The durability of basalt fiber concrete is reduced by
disturbance. Before and after the initial setting and
the final setting, the quality of the specimens changes
slowly and the durability is not affected. When the
penetration resistance is between 7 and 15 MPa, the
quality of basalt fiber concrete varies greatly, and the
corrosion resistance decreases obviously.
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The steel fiber reinforced concrete (SFRC) shear wall with concrete filled steel tube (CFST) columns is an innovative composite
structure. In order to calculate the shear strength of SFRC shear wall with CFST columns, the softened strut and tie model (SSTM)
of SFRC shear wall with CFST columns was proposed based on the analysis of shear mechanism of SFRC shear wall with CFST
columns. The SSTM was composed of diagonal, horizontal, and vertical mechanisms, in which the contributions of concrete,
reinforcement, and steel fiber to the shear strength of SFRC web of shear wall were identified. The shear capacities of 24 shear walls
were calculated and compared with the available test results, and reasonable agreement was obtained. The results also showed that
the steel fibers distributed randomly in concrete could be treated as longitudinal and transverse reinforcement in the shear
strength analysis of SFRC web, and the SSTM was reasonable and useful to analyze and predict the shear strength of SFRC shear

wall with CFST columns.

1. Introduction

Reinforced concrete (RC) shear wall system is a common
one to resist lateral force, which has been widely used in the
regions of high seismic activity in the past decade. How-
ever, due to low tensile strength and large brittleness of
normal-strength concrete, the ductility, energy dissipation,
and load bearing capacities of RC shear wall are poor. In
particular, the transverse dimension of shear wall can be
decreased with the application of high strength concrete,
but its brittleness increases inevitably. Correspondingly,
the higher requirement for the seismic performance of
shear wall especially with high strength concrete (HSC)
would be put forward. In order to improve the seismic
performance of shear wall, the use of RC shear wall with
concrete filled steel tube (CFST) columns and steel fiber
reinforced concrete (SFRC) shear wall has attracted the
interest of structural engineers in recent years.

First, theoretical analysis and experimental study [1-4]
show that the CFST columns serving as boundary members
can provide the effective constraint to reinforced high
strength concrete (RHSC) wall, restrain the cracking de-
velopment, and also bear part of transverse load after the
RHSC wall deteriorates gradually, indicating that the RHSC
shear wall with CFST columns can form double-channel
seismic line and have favorable seismic performance. Sec-
ondly, the application of SFRC is a good way to enhance the
seismic behavior of conventional shear wall structure, es-
pecially the RHSC shear wall [5]. Several researchers [6-10]
have conducted the experiments on the seismic performance
of SFRC shear wall. In these experiments, the SFRC shear
walls were subjected to reversed cyclic loading. As expected,
because SFRC has good properties, such as stretching, shear
resistance, cracking resistance, toughness [11], fire resis-
tance, durability [12, 13], and earthquake resistance, it can
remarkably improve the seismic behavior of RC shear wall
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and reduce the phenomenon of reinforcement congestion
and construction difficulty. The load bearing capacity,
ductility, and energy dissipation capacities of SFRC shear
walls increase with the increasing of steel fiber volume
fraction.

In this study, an innovative composite shear wall referred
to as SFRC shear wall with CFST columns is introduced,
which consists of SFRC web and CFST boundary elements.
In this new composite shear wall, SFRC web can mainly
improve the ductility and energy dissipation capacities,
CFST boundary elements can enhance the load bearing
capacity. This kind of composite shear wall will adequately
make use of the advantages of SFRC shear wall and CFST
columns. In order to more fully understand the seismic
behavior of this structure form, six SFRC shear wall with
CFEST column specimens were tested under constant axial
force and reversed cyclic loading. The failure mode of shear
wall specimens was analyzed, and the influencing factors,
such as the steel fiber volume fraction and concrete strength
on the shear strength of shear wall specimens, were studied.
Since the load transferring mechanism of shear walls under
the combined action of compression, bending, and shearing
is very complicated, the researches on the load bearing
mechanism and the calculation methods for shear capacity
of shear walls are relatively few. In addition, the only existing
calculation methods for shear capacity proposed are mostly
semiempirical relations based on the experimental results
and are lacking in the reasonable theoretical model. Fur-
thermore, the analysis and calculations are not very accurate.

The softened strut and tie model (SSTM) for determining
the shear strengths of RC members failing in diagonal
compressions was proposed by Hwang and Lee, which
originated from the strut and tie concept, considered the
compression softening characteristics of concrete, and was
derived to satisty equilibrium, compatibility, and constitu-
tive laws of cracked reinforced concrete [14-19]. The SSTM
has been used in shear strength prediction of various kinds
of concrete members and the accuracy has been checked by
comparing calculated shear strengths with experimental data
reported in the previous literature [20-24].

In this paper, the SSTM of SFRC shear wall with CFST
columns was proposed based on the analysis for its shear
mechanism, in which the steel fibers distributed randomly in
concrete were equivalent to the longitudinal and transverse
reinforcements. Furthermore, a new calculation method
based on the SSTM for the shear strength of SFRC shear wall
with CFST columns, RC shear wall with CFST columns, and
SFRC shear wall was established. Finally, the shear capacities
of 24 low-rise shear walls were calculated and the calculated
values showed a reasonable agreement with the available
experimental results [2, 4, 9, 10].

2. General Test Situation

2.1. Specimen Details. The dimensions and configurations of
the shear wall specimens are shown in Figure 1. Each
specimen mainly consists of five parts: one SFRC web in the
centre, two CFST columns which are located in the right and
left sides of middle SFRC web, and two RC beams which are
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located in the top and bottom sides of middle SFRC web. In
order to ensure the reliable connections between the CFST
columns and the shear wall web, the U-shaped connectors
[25] with the same space as the horizontal reinforcing bars
are also welded to the wall of steel tubes. The photos of
completed steel frame and U-shaped connector are shown in
Figures 2(a) and 2(b), respectively.

The side length and height of the square CFST columns
were 120 mm and 750 mm, respectively. The steel plates for
hollow sections of square CFST columns and U-shaped
connectors were made by cold-formed steel tubes with the
thickness of 3mm and 2mm, respectively. The strength
grade of reinforcement was HRB400, and the grade of steel
plates was Q235B based on the Chinese code. The material
properties of steel bar and plate are listed in Table 1. The steel
fiber is hooked at both ends with length of 35 mm, diameter
of 0.55mm, and aspect ratio of 64.

The test parameters included steel fiber volume fraction
pse (0, 0.5%, 1.0%, and 1.5%) and concrete strength grade
(CF40, CF60, and CF80). According to the test parameters,
six shear wall specimens were cast, tested, and numbered as
SS-1.0-00-C60, SS-1.0-05-CF60, SS-1.0-10-CF60, SS-1.0-15-
CF60, SS-1.0-10-CF40, and SS-1.0-10-CF80. In the serial
number of specimens, the first part SS represents that steel
tube and steel fiber; the second part 1.0 refers to the shear
span ratio of 1.0, the third part represents the steel fiber
volume fraction of the web in shear wall, and the fourth part
represents the concrete, in which C represents plain con-
crete, whilst CF represents SFRC, and the following number
denotes target concrete strength of shear wall specimen. The
summary of information of each shear wall specimen is
listed in Table 2. The mechanical properties of the harden
concrete used in the shear wall of all specimens are also listed
in Table 2. All the harden concretes reached its target
compressive strength.

2.2. Test Scheme. In the test, the load exerted on the spec-
imens included horizontal and vertical one, and the test set-
up is shown in Figure 3. The horizontal load was cyclic one
and applied by an electrohydraulic servo control actuator on
the top beam of specimen; the axial compressive force was
kept constant and applied by hydraulic Jack. The target axial
compression ratio, n, was taken as 0.2 for all specimens. The
rolling support between hydraulic Jack and vertical reaction
steel frame assured the smooth horizontal slipping of
specimens. Rotation control mode was adopted and the
typical rotation controlled loading history is shown in
Figure 4. A nominal yield rotation angle (6,,,) was desig-
nated to 0.0025rad according to the research in literature
[1], which was corresponding to a nominal yield lateral
displacement (Ay,) at the loading point, Ay, = Oy, X 750 mm =
1.875 mm. Before 0y, the rotation levels of 0.50,,, and 0.750,,
were imposed. Hereafter, the rotation increment was
0.0025rad for each rotation level and three cycles were
imposed at each rotation level. The tests were conducted
under the rotation controlled cyclic loading until the axial
compressive force could not be maintained or the lateral
force degraded below 85% of peak lateral load.
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FIGURE 1: Specimen configuration (unit: mm). (a) Elevation. (b) A-A section. (c) One-dimensional and three-dimensional graph of U-

shaped connector.

2.3. Failure Process. 'The whole process from the initiation to
failure of specimens was observed. During the initial loading
period, the inclined cracks gradually appeared and con-
stantly extended under cyclic lateral loading. Then several
pairs of visible intercrossing diagonal cracks developed
approximately along the diagonal directions of the web in
shear wall, the horizontal reinforcing bars in the web of the
shear wall yielded successively with the loading, and the
diagonal strut mechanism in the web of the shear wall was
formed. Hereafter, new cracks seldom occurred and the

width of the diagonal cracks at the middle part of the web in
shear wall increased rapidly with further loading. The web of
the shear wall began to fail in diagonal compression, the
concrete in the web was crushed and spalled, and the web
lost bearing capacity gradually. Upon further cycles, slight
local buckling was observed at the bottom of CFST columns
and plastic hinges were formed. Finally, the lateral load
rapidly dropped to about 85% of the peak lateral load and the
specimen failed. All specimens mainly exhibited a typical
diagonal cracking pattern during the test process and
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(a) (®)

FIGURE 2: Steel frame and U-shaped connector. (a) Steel frame. (b) U-shaped connector.

TaBLE 1: Material properties of steel plate and bar.
Type Yield strength f, (N/mm?) Ultimate strength f, (N/mm?) Elastic modulus E; (N/mm?)
3mm plate 307.67 392.00 1.98 x10°
2mm plate 236.67 323.20 1.88x10°
C 6 bar 369.17 521.60 1.85x10°

TaBLE 2: Summary of specimen information.

Identification number pst (%) Columns f. (MPa) Columns f; (MPa) Web f. (MPa) Web f (MPa) Vihitest (KN)
SS§-1.0-00-C60 0 55.9 2.76 56.3 2.81 902
§S-1.0-05-CF60 0.5 55.5 2.73 55.2 3.67 948
SS-1.0-10-CF60 1.0 55.5 2.74 55.1 6.15 1005
§S-1.0-15-CF60 1.5 56.0 2.77 56.5 7.88 1048
SS-1.0-10-CF40 1.0 38.1 2.15 38.3 3.78 810
§S-1.0-10-CF80 1.0 64.6 3.96 65.6 6.84 1107

L Vertical steel frame
Hydraulic jack ——

] .
Rolling support
Distribution beam ki

|

| Actuator

1k
1 Il Loading top beam

Reaction
steel frame

. Foundation beam

FIGURE 3: Test set-up. (a) Schematic view. (b) Test scene.

showed a shear-dominant failure mode. The failure pattern
and crack distribution at the peak lateral load and ultimate
state (the lateral force degraded to 85% of the peak lateral
load) of all tested specimens are shown in Figure 5.
During the test process, the connections between the
CFST columns and web were reliable and no significant
separation at the interface occurred, which indicated that the

performance of the U-shaped connector designed was ef-
fective. Moreover, no evident local buckling on the CFST
columns of the SFRC shear wall specimens was observed at
the ultimate state. The SFRC shear wall specimens had
smaller destruction compared with that without steel fibers,
which indicated that the SFRC shear wall specimens had the
better repairability.
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FIGURE 5: Failure pattern and crack distribution of shear wall specimens. (a) Failure pattern at peak state. (b) Failure pattern at ultimate state.

(c) Schematic view of crack distribution.

2.4. Influence Factors. The shear capacities of all specimens
are listed in Table 2. It can be seen from Table 2 that the shear
performance of specimens is improved obviously with the
increase of steel fiber volume fraction from 0% to 1.5%.
Compared with the specimen SS-1.0-00-C60, the shear
capacity of specimen SS-1.0-05-CF60, SS-1.0-10-CF60, and
S§S-1.0-15-CF60 is increased by 5.10%, 11.42%, and 16.19%,

respectively. In addition, steel fiber could effectively control
the crack width and improve the distribution shape of cracks
in the web of shear wall. The cracks became much thinner,
denser, of more quantity, and wider distribution with the
increase of steel fiber volume fraction, whilst the crushing
and spalling of concrete were also reduced. For instance, the
maximum crack width of RC shear wall specimen numbered



SS-1.0-00-C60 was 2.0mm at the peak load, whilst the
maximum crack width of SFRC shear wall specimen
numbered SS-1.0-05-CF60, SS-1.0-10-CF60, and SS-1.0-15-
CF60 was 1.6 mm, 1.2mm, and 1.0 mm, respectively. The
maximum crack width decreased significantly with the in-
crease of steel fiber volume fraction; the similar results were
reported in the literature [9, 10].

Furthermore, it can be seen from Table 2 that the shear
performance of specimens is improved obviously with the
enhancing of concrete strength from CF40 to CF80.
Compared with the specimen SS-1.0-10-CF40, the shear
capacity of SS-1.0-10-CF60 and SS-1.0-10-CF80 is increased
by 24.07% and 36.67%, respectively. And as shown in
Figure 5, the SFRC shear wall specimens with different
concrete strength had the similar failure appearance at the
peak and ultimate state under the condition of the same steel
fiber volume fraction. It can be seen that the lateral load of
SERC shear wall specimen with higher strength concrete
deteriorated more obviously after the peak load, the
crushing, and spalling of concrete were more serious at the
ultimate state, especially for the specimen SS-1.0-00-CF80.

3. Shear Resisting Mechanism of SFRC Shear
Wall with CFST Columns

It was observed in the test that the failing process of SFRC
shear wall with CFST columns can be divided into two
stages: at early loading stage, the all bending moments acted
on the SFRC shear wall with CFST columns were carried by
the CFST columns, nearly all the horizontal shear forces were
carried by the web, and the axial forces were shared by the
CFST columns and web; at medium and late loading stage,
the concrete in the web continuously cracked, resulting in a
decrease of the stiffness, and the shear forces gradually
transferred from the web to CFST columns. Therefore, the
calculation method for shear strength of SFRC shear wall
with CFST columns can be defined as

th,calc = th + Vcol’ (1)
where Vip cqic is the calculated value for shear strength of
SFRC shear wall with CEST columns; Vj, is the shear
strength of web; and V) is the shear strength of CFST
columns.

The shear strength of CFST columns can be defined as [4]

Vcol =0y Asc : Tscy’ (2)

where «, is the calculation coefficient for shear capacity,
«,=0.97 +0.2In(¢), & is the confinement factor, § = a fy/f., f,
is the yield strength of steel tube, f. is the axial compressive
strength of concrete, «; is the steel ratio of CFST column,
a,=Al/Al, Al and A are the cross-sectional areas of steel
tube and concrete, respectively, A, is the total cross-sec-
tional area of CFST column, and 7, is the shear yield limit,
Ty = (0.422 + 0.3130%%) £%1%* (114 + 1.02¢) f..

The load transferring mechanism of SFRC web under the
combined action of compression, bending, and shearing is
very complicated, which is similar to RC web in the literature
[2, 3]. In the SSTM, the shear strength of the web is assumed
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to be that of concrete compressive struts, and the concrete in
the web can continue to withstand shear force after the
tension ties yield. Therefore, the main characteristic of web
failure is that the concrete in the web reaches its compressive
strength and is crushed and spalled. For diagonal com-
pression failure, the shear strength of the web is defined as
the concrete compressive stress on the nodal zone as the
concrete reaches its capacity. The concrete bearing capacity
is the summation of compressions from the concrete
compressive struts in the diagonal, horizontal, and vertical
mechanisms [14-19]. Hence, three strut and tie load paths
are proposed to simulate the force transfer within the web,
including the diagonal, horizontal, and vertical mechanisms,
as shown in Figure 6.

The concrete in the web is subjected to the compression
force; thus the diagonal compressive strut is formed, as
shown in Figure 6(a). Due to the higher tensile strength of
SERC, the diagonal tension forces in the web are mainly
carried by the SFRC before the cracking of concrete, the
action of reinforcing bars is much smaller at this time. The
initial inclined cracks in the web occur when the diagonal
tension force is greater than the tensile strength of concrete.
After the initial cracking of concrete, the diagonal tension
forces in the web are mainly carried by the horizontal and
vertical ties. The horizontal ties are composed of horizontal
reinforcing bars and steel fibers as shown in Figure 6(b),
whilst the vertical ties are composed of vertical reinforcing
bars and steel fibers as shown in Figure 6(c). In summary, the
reinforcing bars and steel fibers are subjected to tension and
the concrete acts as compressive struts after the development
of the first cracking pattern in the web; thus a strut and tie
action is formed.

The diagonal mechanism (Figure 6(a)) is a single SFRC
diagonal compression strut whose angle of inclination 6 is
defined as

0= tan_l<$>, (3)
where H is the distance from the lateral force loading point
to the shear wall base; [ is internal lever arm of the vertical
shear couple, I=0.81,; and [, is the length of the entire web
in the direction of the applied lateral force.

The effective area of the SFRC diagonal compression
strut Ay, is defined as

Ay, = o X by, (4)

where a; is the depth of diagonal strut and b; is the width of
diagonal strut that can be taken as the width of the web t,,.

The depth of the diagonal strut a; depends on its end
condition provided by the compression zone at the base of
the web. It can be intuitively assumed that

A = oy (5)

where a,, is the depth of the compression zone at the base of
the web, which can be approximately determined by [15]

NI
a, = (0.25 + 0.85—,)lw, (6)
A

wJ C
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where N’ is the axial compressive force for the web; A,, is the
cross-sectional area of the web, A, =t,x [ and f! is the
compressive strength of a standard concrete cylinder (MPa).

The axial compressive force for the web N’ can be cal-
culated as

, 0.85E.t,I

N — C"W'W
0.85E.t, [, + 2E.A} + 2EA]

N, (7)

where N is the axial compressive force for the shear wall
specimen; E. is the elastic modulus of web concrete; 0.85 is
the reduction coefficient of axial compressive stiffness for
web concrete [4]; E. is the elastic modulus of steel tube; and
E! is the elastic modulus of concrete inside the steel tube.

The horizontal mechanism (Figure 6(b)) includes one
horizontal tie and two flat struts. Since steel fiber improves
the tensile strength of the concrete, which makes the per-
formance of SFRC shear wall different from that of RC shear
wall. The horizontal tie is made up of the horizontal rein-
forcing bars and steel fibers and can be described as the
following:

Fy =Fg +Fgy, (8)
where Fy, is the tension force in the horizontal tie; F;y, is the
tension force of horizontal reinforcing bars, F,, = A, X fon;
Agp is the sectional area of horizontal reinforcing bars; f; 1, is
the tensile strength of horizontal reinforcement; F}, is the
tension force of horizontal steel fibers, Fyty, = Agen X fis Asen
is the sectional area of horizontal steel fibers; and fis is the
tensile strength of steel fiber.

The experimental results indicated that the horizontal
reinforcing bars in the web did not fully yield when the web
damaged, so the effective coefficient for shear resistance of
horizontal reinforcement, #,, is introduced. Thus F;}, can be
defined as F;j, =1, X Agp X fon, where 7, is taken as 0.75
based on the analysis for the test results in the literature [15].

For simplicity, the steel fibers randomly distributed in
the three dimensions of the web can be equivalent to hor-
izontal and vertical microreinforcing bars, as shown in
Figure 7. Thus, the sectional area of horizontal steel fibers,
Agtn, can be defined as

©)

Asen = N Agp

Axial compressive force

Lateral force

—————————————————————————————— g ———

Reinforcing bars

Reinforcing bars

Aty

M, s

CFST column

/

Equivalent
vertical steel fiber

Equivalent horizontal steel fiber

FiGURE 7: Steel fiber ties.

where A is the cross-sectional area of a single steel fiber and
ng is the equivalent steel fiber number, which can be cal-
culated as

_ t, H
e = ’729st> (10)
where pg is the steel fiber volume fraction and 7, is the
equivalent coeflicient, which can be approximately desig-
nated as 0.41 according to the study in the literature [26].

The sectional area of horizontal steel fibers, Ay, can be
determined as
0.41pt, H

sin @

Asen = (11)
The vertical mechanism (Figure 6(c)) is composed of one
vertical tie and two steep struts. Similar to the horizontal tie, the
vertical tie includes the vertical reinforcing bars and steel fibers

within the web and can be described as the following:
F,=F, +F (12)

sf,vo

where F, is the tension force in the vertical tie; F;, is the tension
force of vertical reinforcing bars, Fy,=Agy, X foy; Agy is the
sectional area of vertical reinforcing bars; f;, is the tensile
strength of vertical reinforcement; Fi, is the tension force of



vertical steel fibers, Fyr, = Agpy X fips Aty is the sectional area of
vertical steel fibers; and Ay, = 0.41pytyl,/cos € based on the
above analysis.

The research in literature [15] shows that the vertical
reinforcing bars are not fully effective in constituting the
vertical tie, and the effective coefficient for shear resistance of
vertical reinforcing bars, 73, is introduced. Thus, F;, can be
defined as F,, =3 X Asy X fsy» where #3 is taken as 0.8 [15].

4. Calculation Method for Shear Strength of
SFRC Shear Wall with CFST Columns

The SSTM is used to determine the shear strength of web
failing in diagonal compression.

4.1. Equilibrium Conditions. Based on the proposed strut
and tie model for a web of shear wall, the horizontal and
vertical shear forces can be calculated as follows:

Vi = DcosO+ Fj, + F, cot, (13)

Vi, = Dsin6+F, + F, tan 6, (14)

where Vjj, is the horizontal shear force; Vj, is the vertical

shear force; and D is the compression force in SFRC diagonal

strut. The details of force diagram are shown in Figure 8.
The ratios of the horizontal shear Vj;, assigned among the

three resisting mechanisms can be defined as [15]
Dcos0: Fy: F,cot0 = Ry: R,: R, (15)
where Ry, Ry, and R, are the web shear ratios resisted by the

diagonal, horizontal, and vertical mechanisms, respectively,
which can be defined as the following [15]:

L YU N
1 ~ YnVv
1-
e (17)
YnVv
RV:VV(1 _Vh)) (18)
I_Yh)/v

where yj, is the fraction of horizontal shear transferred by
the horizontal tie in the absence of the vertical tie and y, is
the fraction of vertical shear carried by the vertical tie in
the absence of the horizontal tie. The values of y;, and y,
can be obtained as [27]

2tan 0 - 1

yh=%, for0<y, <1, (19)
2tan 6 -1

yh:%, for0<y, <1. (20)

By solving (13)-(15), the values of D, F,,, and F, can be
obtained as
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1 R,
D= X X Vi, (21)
cos 6 \R;+R,+R, )

R
F=(—2—— | xvy, (22)
Ry+ R, +R, )

1 R
F,= x v X V. (23)
cot 0 Rd + Rh + RV J

To check whether the web of shear wall reached failure
strength, the bearing pressure on the nodal zone (Figure 6),
where the compressive forces from the diagonal, flat, and
steep struts intersect (Figure 8), must be checked. The
maximum compressive stress 04qmax acting on the nodal

zone can be calculated as
1 LB () sin” 0
o =— -
dmax = A cos 6 2
F, cos* 6
+ — 1- .
sin 0 2

4.2. Constitutive Laws. 'The softened stress-strain relation of
cracked SFRC concrete can be represented as the following
[28]:

2
_ ’ &4 [ £ g_d
0 =(f. [2<C_€0) (580) ], for Tes <1, (25)

where 04 is the average principal stress of concrete in the
d-direction; ( is the softening coeflicient; &4 is the average
principal strain in the d-direction; and ¢, is the concrete
cylinder strain corresponding to the cylinder strength f/,
which can be defined approximately as [29]

(24)

!
-20
g = —0.002 - 0.001 fci , for20 MPan' <100 MPa.
0 80 c

(26)
The softening coefficient { can be calculated as [28]

¢ = 5.8 1 0.9

<
VL YT+ 400, - T+ 400,

where ¢, is the average principal strain in the r-direction.
Whether the shear strength of the web of shear wall

reaches the compressive stress, the strain of the concrete

diagonal strut can be conformed by the following formula:

(27)

o;=(fL (28)
&4 = (g, (29)
The stress-strain relation of reinforcing bar can be de-
scribed as
{ fi=Ee&, &< &y (30)
fs = fy’ & 2 sy’
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FiGure 8: Strut and tie model for the web of shear wall.

where Ej is the elastic modulus of reinforcing bars; f, is the
yield strength of reinforcing bars; and f; and ¢ are the stress
and strain in mild steel, respectively. f; becomes f;, or f; y, Es
becomes Eg, or Ej ,, &, becomes &, or &, and f, becomes f;,
or f,» when equation (30) is applied to horizontal or vertical
reinforcing bars, respectively.

The stress-strain relation of steel fiber can be expressed as

fsf = Esfgsf’ (31)

where E is the elastic modulus of steel fiber and fis and ey
are the stress and strain of steel fiber, respectively.

The experiment results show that steel fibers are usually
pulled out from concrete rather than broken due to their good
tensile strength. Thus, the shear resistant action of the steel fiber
depends on the bond strength between steel fiber and concrete.
The stress of steel fiber, f;s should satisfy the relationship as the
following:

Asffsf < /\szsprsf, max> (32)
where T max is the maximum bond strength between steel
fiber and concrete, T oy = 2.5f¢ [30]; foq is the matrix tensile
strength of SFRC; A4 is the influence coeflicient of steel fiber
type; the values of Ay for long straight, wave-shaped, and
hooked steel fibers are 0.5, 0.75, and 1.0, respectively; Agpy is
the surface area of steel fiber, Ay r=7ndy Lgo; dr is the
nominal diameter of steel fiber; L, is the effective anchorage

length of steel fiber, L, = 0.251 and I is the length of steel
fiber.

By adopting equation (33), the stress of steel fiber fif can be
defined as

lf)
s S)LS — Tsf,max-
ff f(dsf £,

The relationship between forces and strains of the
tension ties becomes

(33)

Fy = Foy + Fyy = 0754, Eopeny + otPortw T Esitin

= =0. e+ — W S

h s,h sf,h s,hs,h€sh sin 0 yh
(34)

041/) ft l E 3 £,

Fv = Fs,v + st,v = 0'8AS,VES,VSS,V + %&SVS FYV’

(35)
Ep =€ = &>
s,h sf,h h (36)

Esv = &ty = &

where &, and &g, are the strains of the reinforcing bars and
the steel fibers in the h-direction, respectively; &, and &,
are the strains of the reinforcing bars and the steel fibers in
the v-direction, respectively; &, and ¢, are the average normal
strains in the h- and v-directions, respectively; and F;, and
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| Calc. Ry, Ry, R, equations (16)-(18) |
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| Calc. D, Fy, F, equations (21)-(23) |
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Figure 10 l Figure 10
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Calc. &, equation (35) | Calc. &, &, equation (34), (35) | |Calc, &, equation (34) |
Calc. ¢, equation (38) No /sis\ Yes Calc. ¢, equation (37)

| Calc. { equation (27) |

Is { Close?

FIGURE 9: Flow chart showing efficient algorithm.

Fy, are the yielding forces of the horizontal and vertical ties, = 4.4. Solution Procedures. The solution procedures are pro-
respectively. posed [15, 19], as shown in Figures 9 and 10. The algorithm
in Figure 9 starts with a selection of the horizontal shear V,
and consists of three major steps. Firstly, 04 max is calculated
by employing the equilibrium equations. By assuming the
strength of the concrete strut is reached, an initial value of
& =¢ + (& — Sd)COt2 0, (37) the softening coefficient { is obtained through { = 4 ../ f -

Secondly, the strains of the struts and ties are calculated by
c=e (e € d)tanz 0. (38) applying the corresponding constitutive laws. Finally, the

4.3. Compatibility Condition. The compatibility conditions
adopted herein are given as the following [31]:

€
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FIGUre 10: Algorithm for postyielding cases.

TaBLE 3: Calculation type.

Type Type E Type YH Type YV Type YHV Type YVH

Condition F, <Fy, and F,<F,, Fy,=Fy and F,<F, F,<Fy and F,=F, F,=F, and then F,=F,, F,=F, and then F,=Fy,
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average principal strain in the r-direction ¢, is calculated
with the aid of the compatibility equation. Then, a new value
of { is calculated by using the softening theoretical formula.
If the assumed { value is close to the new (, the Vjj, selected is
the shear strength of the web, otherwise back to the
iterations.

Furthermore, the procedure in Figure 9 is categorized
into five types according to varied yielding conditions of the
ties [15, 19], as shown in Table 3. Figure 10 presents the force
redistribution of the web shears after the yielding of the
horizontal tie.

5. Experimental Verification

Although the experimental design parameters of SFRC
shear wall specimens, RC shear wall with CEST columns
specimens, and SFRC shear wall with CFST columns
specimens were different, the failure processes of shear
wall specimens in this paper and the literature [2, 4, 9, 10]
are similar. Based on the experimental results, the failure
process generally could be divided into four stages: initial
cracking stage, main diagonal cracks forming stage, limit
stage, and failure stage. The web of shear wall was sepa-
rated into a series of diagonal compression rhombic blocks
by the intercrossing inclined cracks under gradually in-
creasing lateral load. As the lateral load increased con-
tinuously, the concrete rhombic blocks reached ultimate
compressive strength and the concrete in the web was
crushed and spalled, resulting in obvious shear-dominant
failure mode for the shear wall specimens in this paper and
the literature (2, 4, 9, 10]. The existence of steel tubes and
steel fibers cannot change the ultimate failure mode of
shear wall specimens. Therefore, the model presented in
this paper can be used to calculate the shear strength of the
abovementioned three types of shear walls failing in di-
agonal compressions in theory.

A total of 24 test specimens [2, 4, 9, 10] and their results
(Table 4) are used to verify the proposed method, including 6
SFRC shear wall with CFST columns specimens in this
paper, 9 RC shear wall with CFST columns specimens, and 9
SFRC shear wall specimens in the available literature
[2,4,9,10]. The test specimens selected cover a wide range of
structure forms, geometry, loading, steel tube, steel fiber, and
reinforcement detailing, as summarized in Table 4. The test
specimens considered herein have three major common
features: (1) all walls showed a web shear-dominant failure
mode; (2) they were one-story isolated walls; (3) all con-
tained both horizontal and vertical reinforcement uniformly
distributed basically throughout the web.

In Figure 11, the experimental shear strengths from 24
walls are compared to their shear strengths predicted by the
method presented in this paper. The relationship between
the prismatic strength f. and the cylinder strength f! is
obtained from literature [32]. The last column of Table 4 lists
the values of Vi iest/ Vih,calc ratios to indicate the precision of
the proposed model. Figure 11 shows satisfactory results for
the comparison of the measured and predicted strengths.
The average strength ratio (Vjhest/ Vincaic) is 1.01 with a
coefficient of variation (COV) of 0.14 (Table 4). It is
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concluded that the proposed model can accurately predict
the shear strengths of the shear walls mentioned above.

Figure 12 shows the effects of steel fiber volume fraction,
concrete strength, and axial compression ratio on the shear
strength predictions of the proposed method. The steel fiber
volume fraction, concrete strength, and axial compression
ratio are not observed to have significant influences on the
strength ratio (Vjhest/ Vincaic)> indicating that the main
factors which affect the shear wall bearing capacity are re-
flected in the proposed model.

6. Conclusions

This paper introduces the tests for an innovative composite
shear wall named SFRC shear wall with CFST columns and
presents a proposal for determining the shear strength of the
shear wall. The proposed SSTM is derived from the concept
of struts and ties and satisfies equilibrium, compatibility, and
constitutive laws of cracked SFRC. Based on the test results
in this paper and available literature and their comparison
with the proposed model, the following conclusions can be
drawn:

(1) All the SFRC shear wall with CFST columns speci-
mens showed a shear-dominant failure mode in the
current tests, and all specimens mainly exhibited a
typical diagonal cracking pattern during the testing
process. Steel fiber could effectively control the crack
width and improve the distribution shape of cracks
in the web of shear wall.

(2) The shear mechanism of SFRC shear wall with CFST
columns can be described by the SSTM, which
consists of diagonal, horizontal, and vertical
mechanisms.

(3) The steel fibers distributed randomly in concrete can
be treated as longitudinal and transverse reinforce-
ment in the shear strength analysis of SFRC shear
wall with CFST columns. And the contribution of
steel fiber to the wall shear strength is identified.

(4) Examination of existing experimental data indicated
that the proposed model is capable of predicting the
shear strengths of SFRC shear wall with CFST col-
umns, RC shear wall with CFST columns, and SFRC
shear walls for diagonal compression failures.
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Steel fiber reinforced concrete (SFRC) has gained popularity in the last decades attributed to the improvement of brittleness and
low tensile strength of concrete. This study investigates the effect of three shapes of steel fibers (straight, hooked end, and
corrugated) with four contents (0.5%, 1%, 1.5%, and 2%) on the mechanical properties (compression, splitting tension, shear, and
flexure) of concrete. Thirteen groups of concrete were prepared and investigated experimentally. Test results indicated that steel
fiber had significant reinforcement on mechanical properties of concrete. When the steel fiber content increases from 0.5% to
2.0%, the compressive strengths increase about 4-24%, splitting tensile strengths increase about 33-122%, shear strengths increase
about 31-79%, and flexural strengths increase about 25-111%. Corrugated steel fiber has the best reinforced effect on strength of
SERC, hooked end steel fiber takes the second place, and straight steel fiber is the least. Calculated formulas of compressive,
splitting tensile, shear, and flexural strengths were established with consideration of the bonding properties between concrete and
steel fiber. Influence factors of steel fiber (a;) and concrete matrix strength («_) were put forward and determined by regression

analysis of experimental data. Calculated results agree well with the experimental results.

1. Introduction

Concrete is the largest amount and the most widely used
material; its tensile strength is significantly lower than its
compressive strength. Synthetic, glass, basalt, carbon, PVA,
and steel fiber have been used in concrete to make up for the
low tensile strength of concrete [1]. Fiber can notably en-
hance mechanical performance of concrete [2-4]. Com-
pared with other fibers, steel fiber has many advantages, such
as high stiffness and elasticity modulus and tensile strength.
Steel fiber reinforced concrete (SFRC) has excellent tensile
and flexural property [5, 6], which has been widely used as
structural material. In order to improve the reinforced effect
of steel fiber, the reinforced mechanism of steel fiber on
concrete had been researched widely [7, 8]. Reinforced effect
of steel fiber is mainly affected by fiber content, type, ge-
ometry, and strength of concrete matrix [9]. When the
concrete matrix is fixed, the fiber content, type, and ge-
ometry are the main influence factors [10, 11].

It is generally acknowledged that the mechanical
property of SFRC increases with the rising of steel fiber
content. However, some studies suggest that steel fiber does
not significantly affect the compressive strength [3]. The
axial compressive strength almost keeps unchanged when
the volume fraction of steel fiber is larger than 1.0% [12].
Other studies suggest that compressive strength increases by
25% with the volume fraction of steel fiber increasing from
0.5% to 1.5% for the moderately high strength concrete [13].
Some literatures have proved that steel fiber added in
concrete increases the compressive strength of concrete by
about 4-19% [14, 15]. Steel fiber in concrete significantly
increases the split tensile and flexural strength of concrete
[12]. Split tensile strength of SFRC is higher about 11-54%
than the reference mixture. Besides, flexural strengths of
SFRC are higher by 3-81% than reference mixture. In ad-
dition, the increase ratio of flexural strength is higher than
that of the split tensile and compressive strength [16]. Shear
strength increases by 44% for the steel fiber volume fraction
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of 0.5% and 65% for the volume ratio of 1% [17]. The shear
strength of SFRC exhibits a linear increase with the amount
of steel fiber crossing the shear crack interface [18]. It can be
seen that even if the content of steel fiber is the same, steel
fiber still has different reinforced effect on different me-
chanical property. In a word, the reinforced effect of steel
fiber on concrete strength still has not uniform answer.

According to manufacturing form, steel fiber is
usually classified into three main shapes (straight form,
hooked ends form, and corrugated form) [11, 19]. Dif-
ferent steel fiber shapes have different effect on the
mechanical performance of concrete due to the different
bond property. However, some researchers suggest that
steel fiber shape almost has no influence on compressive
strength [12] or the compressive performance is insig-
nificantly affected by the length and type of fiber [20]. The
compressive strength and the elastic modulus of SFRC
were developed with hooked end steel fiber [21]. The
compressive strength is improved by twisted steel fiber
compared to short straight steel fiber, but the improve-
ment is relatively insignificant compared to what is ob-
served for the tensile and flexural performance [22]. The
tensile strength is improved by using the deformed steel
fiber, as compared to that with the short straight steel
fiber [23]. The specimens with 2% of twisted steel fiber
exhibit a tensile strength which is approximately 32%
higher than those with 2% of short straight steel fiber.
Previous research has showed that corrugated and
hooked fiber significantly improved the bond properties
by three to seven times when compared to those with
straight fiber [24, 25]. It can be concluded that even if the
content of steel fiber is the same, the different shape steel
fiber has different effect on concrete mechanical property.

Although much work has been done about SFRC, there
still exists unsolved problem:

(i) Although the reinforced effect of steel fiber on
compressive strength is much less than that on
tensile strength, shear strength, and flexural
strength, the increase ratio of compressive strength
still can reach 25% for low or moderately high
strength (<60 MPa) concrete. Some literature
studies suggest that steel fiber shape almost has no
influence on compressive strength; others indicate
that compressive strength can be improved by steel
fiber no matter what type steel fiber is. There are still
many different conclusions about the reinforced
effect of steel fiber on compressive strength, so the
reinforced effect of steel fiber with different content
and type on compressive strength should be studied
further.

(ii) Splitting tensile, flexure, and shear strength of SFRC
increase with the rising of steel fiber content; some
researchers suggest that concrete strength will no
longer increase when steel fiber content exceeds a
certain value, which means that there exists the most
economical steel fiber content for certain strength.
But there is no final word on the most economical
content of steel fiber.
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(iii) The shape of steel fiber has significantly influence on
the enhancement effect of splitting tensile, flexure,
and shear strength of SFRC. At the same time, the
reinforced effect of different shapes on various
mechanical properties of concrete is also different.
So, there is the best shape of steel fiber which can
achieve the best enhancement effect on one kind of
mechanical property of content.

How to determine the optimal content and shape of
steel fiber is an important problem. This would help
improve the utilization rate of steel fiber and reduce the
cost of SFRC.

In this research, the impact of steel fiber shape and
content on the reinforced effect of concrete will be moni-
tored and analyzed through the compressive, splitting
tensile, shear, and flexural experiments. Three shapes
(straight, hooked end, and corrugated) of steel fiber were
used to research the influence on the mechanical perfor-
mance of concrete with different volume fractions (0, 0.5%,
1%, 1.5%, and 2%). Based on the test result, calculation
model of compressive, splitting tensile, shear, and flexural
strength of SFRC were put forward.

2. Experiment Investigation

2.1. Materials. Portland cement (P. O. 42.5) conforming to
GB 175 [26] was used in all mixes; properties of the cement
are shown in Table 1. The coarse aggregate was crushed
limestone with continuous grading of particle sizes from
4.75mm to 20 mm. Fine aggregate was river sand with a
fineness modulus of 2.7. Properties of all aggregates used in
the test are shown in Table 2 according to the Chinese
Standard GB/T 14685 [27]. Three shapes of steel fiber,
namely, straight (ST-F), hooked end (HE-F), and corrugated
(CO-F) were used in tests. Geometry and mechanical
characteristics of steel fiber are listed in Table 3. Four dif-
ferent volume fractions of steel fiber were developed to cover
the majority of practically used fractions range: 0.5%, 1.0%,
1.5%, and 2%.

2.2. Mix Proportion. Three shapes of steel fiber and four steel
fiber volume fractions (Vy=0.5%, 1.0%, 1.5%, and 2%) were
chosen as test parameters. Steel fiber volume fraction (Vy)
was defined as the absolute volume of steel fiber in 1m’
concrete. Water-cement ratio was taken as 0.55. The mixture
proportion design method conformed to the Chinese
Standards JGJ 55-2011 [28] and JG/T 472-2015 [29]. The
target slump was taken as 180 mm. The sand ratio of plain
concrete was taken as 42%. In order to ensure the working
performance of concrete, the sand rate increases by 1% when
the steel fiber volume fraction increases by 1%. Details of
mixture proportion designs are listed in Table 4. PC rep-
resents plain concrete for comparison; letters represent the
type of steel fiber; numbers represent the steel fiber volume
fraction (%), such as ST-F0.5; it means that straight steel
fiber and steel fiber volume fraction is 0.5%.
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TaBLE 1: Physical and mechanical properties of cement.
Setting time Compressive Flexural
Type Specific Surface Standard Stabilit (mgin) strength strength
P gravity (kg/m®)  area (m*/kg) %  consistency Y (MPa) (MPa)
Initial Final 3d 28d 3d 28d
P. O. 425 3100 352 24.7 Eligibility 175 220 23.5 45 5.6 8.5

TaBLE 2: Physical properties of the coarse and fine aggregate.

Apparent density

Loose packing density Dry-rodded density =~ Water absorption

Crush index Void ratio

Aggregate type (kg/m’) (kg/m") (kg/m’) (wt %) (%) %)
Coarse 2814 1568 1630 1.40 8.8 443
aggregate

Fine aggregate 2556 1611 1486 0.56 — —

TasLE 3: Geometry and mechanical characteristics of steel fibers.

ST-F HE-F CO-F
Fiber shape Straight Hooked end Corrugated
Mean length (lf), mm 32.34 32.19 32.27
Mean diameter (d¢), mm  1.036 0.993 1.215
Aspect ratio (Ig/dy) 31.21 3241 26.56
Density (g/cm?) 7.9 7.9 7.9
Elastic modulus (GPa) 200 200 200
Tensile strength (MPa) 500 380 500

TABLE 4: Mixture proportions (kg/m?).

Mixture number Water Cement Sand Stone Steel fiber
PC 264 480 716.5 989.5 0
ST-F0.5 264 480 727.8 965.8 39
ST-F1 264 480 739.2 9423 78
ST-F1.5 264 480 750.5 917.3 117
ST-F2 264 480 761.9 895.1 156
HE-FO0.5 264 480 727.8 965.8 39
HE-F1 264 480 739.2 9423 78
HE-F1.5 264 480 750.5 917.3 117
HE-F2 264 480 761.9 895.1 156
CO-F0.5 264 480 727.8 965.8 39
CO-F1 264 480 739.2 9423 78
CO-F1.5 264 480 750.5 917.3 117
CO-F2 264 480 761.9 895.1 156

2.3. Test Specimen. The cubic specimens with side length of
150 mm were cast for the compressive strength (f.,, ff.y) and
splitting tensile strength (fys, fs) test, the prism specimens of
100 mm x 100 mm x 300 mm were cast for shear strength (f,,
fr) test, the prism specimens of 100 mm x 100 mm x 400 mm
were cast for flexural strength (fin, frm) test, and three
specimens were prepared for each group. To distinguish the
concrete with and without steel fiber, f.,, fis fi» and fi, are
used to represent the mechanical performance indexes of the
plain concrete; fiu, fis fer and frm are used to represent the
mechanical performance indexes of SFRC.

A multifunction mixer was used to prepare the concrete.
Mixing process of concrete included three steps: firstly, all
aggregate and cement were put into a forced concrete mixer
to mix for about 2 minutes; secondly, the water was added
and mixed continuously for 2 minutes; finally, steel fiber was
sprinkled evenly and then mixed for another 3 minutes.
Fresh concrete was put rapidly into the moulds which were
brushed oil in advance. Specimens were vibrated for 20
seconds. After 24 hours of curing in air, specimens were
carefully demoulded and placed in a curing room at ap-
proximately 95% RH and 20°C.

2.4. Test Method. All the tests were conducted at the age of
28 days. The compressive strength and splitting tensile
strength test were performed according to GB/T50081 [30]
and were carried on a servohydraulic closed-loop testing
machine with capacity of 3000kN at the loading rate of
0.6 MPa/s and 0.06 MPa/s, respectively. Test setup of split-
ting tensile test is shown in Figure 1.

One steel bearing plate and one plywood bearing strip
were placed between specimen and the top and bottom
pressure plate, respectively. The section of bearing plate is
part of circle radius of 75mm; thickness is 20 mm. The
section of bearing strip is 20 mm x 4 mm. The bearing plate
and bearing strip should align with the center line of the top
and bottom surface of specimen. The splitting tensile
strength of the specimen was calculated as follows:

F
f s = 0637, (1)

where fgs is the splitting tensile strength, MPa; F is the
maximum applied load indicated by the testing machine, N;
A is the area of splitting surface, mm?.

The shear test was also carried on a servohydraulic
closed-loop testing machine with capacity of 3000 kN at the
loading rate of 0.06 MPa/s; the test setup is shown in
Figure 2.

The load was recorded with a load transducer. The ul-
timate shear strength was calculated as follows:
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FIGURE 2: Test setup of shear strength.
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S (2)

 2bydg

where ff, is the ultimate shear strength; F is the maximum
applied load indicated by the testing machine; b.g is the
effective width of the specimen (the average value of the
width of the two shear sections), and d.g is its effective depth
(the average value of the depth of the two shear sections).

Flexural tests were carried on a MTS810 testing machine
with capacity of 500 kN with displacement control at a rate
of 0.1 mm/min, according to ASTM C1609 (using beam with
third-point loading) [31]. The test setup is shown in Figure 3.

The specimens were normally rotated an angle of 90°
from the casting position to eliminate the eccentricity effect
from the roughness of the surface. Calculate the flexural
strength of the specimen as follows:

Fl
fftm = W) (3)

where fun, is flexural strength, MPa; F is the maximum
applied load indicated by the testing machine, N; b and h are
the average width and height of specimen, mm; [ is the span
length of test specimen, mm.

At least, three specimens in each group were tested and
their mean values were taken as the test results. Test results
of fiew fies for and fam are listed in Table 5.

3. Test Results and Discussion

3.1. Compressive Strength. Relationship between compres-
sive strength (fq,), compressive strength reinforced ratio
(ffeu/feu)> and steel fiber volume fraction (V) with the dif-
ferent steel fiber shape are shown in Figure 4.

In general, fi., increased continuously as V; increased
from 0 to 2%. However, the increasing trend has slight
difference with the different steel fiber shape. When V;< 1%,
the fiu/fcu of ST-F and HE-F was slightly bigger than that of
CO-F. But, when Vg reached 2%, ft.,/f-, of CO-F reached its
maximum value 1.24, which was higher than f¢. /f.,, of ST-F
and HE-F. It indicated that ST-F and HE-F had better
strength reinforcement when V¢ was below 1%, while CO-F
had better strength reinforcement when V¢ was above 1%.
Although different steel fiber shape has reinforced effect on
compressive strength of concrete, the increment is limited
and the maximum value of fq/fo, is 1.24.

The steel fiber can limit the lateral expansion and restrain
the crack propagation of concrete under compressive load,
which can delay the damage of concrete and enhance the
compressive performance. The reinforced effect is decided
by the bonding performance between steel fiber and con-
crete. The bonding force is affected by the surface shape of
steel fiber. So, the different surface shape has the different
effect on the compressive strength of concrete.
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TaBLE 5: Test results of mechanics strength (MPa).
Mixture number freu fas fe Sfitm
PC 34.6 3.15 6.85 4.32
ST-F0.5 36 4.19 9.39 5.40
ST-F1 38.8 4.45 10.20 6.25
ST-F1.5 38.1 4.89 11.06 7.39
ST-F2 40.8 5.34 12.25 7.95
HE-F0.5 38.2 4.28 10.01 6.09
HE-F1 38.1 5.20 11.00 7.26
HE-F1.5 40.3 5.81 12.21 7.55
HE-F2 41.6 6.41 11.38 8.68
CO-F0.5 35 4.64 9.80 6.58
CO-F1 37.7 5.30 10.08 7.35
CO-F1.5 40.1 6.55 12.01 8.51
CO-F2 42.9 7.00 11.12 9.11
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FIGURE 4: Relationship between fi.y, frcu/few and Ve

3.2. Tensile Strength. Relationship between splitting tensile
strength (fgs), splitting tensile strength reinforced ratio (fg/
fis)> and steel fiber volume fraction (V¢) with the different
steel fiber shape is shown in Figure 5. fgs increased con-
tinuously as Vyincreased from 0 to 2%. When V< 0.5%, ST-
F and HE-F have a similar reinforced effect on concrete; CO-
F has a slighter better reinforced effect than them. When
V= 0.5%, CO-F still has the best reinforced effect and HE-F
takes the second place. When V= 2%, f/f;s of CO-F is 2.22,
fis!frs Of HE-F is 2.03, and fg/fis of ST-F is only 1.7. As shown
in 3, these three types of steel fibers have similar length and
diameter; the only difference is the surface shape. With the

same steel fiber content, the reinforced effect can be im-
proved dramatically by changing the surface shape of steel
fiber.

Test results proved that CO-F had the best reinforced
effect on fp,. This is because the surface of CO-F is the shape
of corrugate and it can provide higher interface bonding
force than ST-F and HE-F. Similarly, HE-F with the hooked
form at both ends can provide better interface bonding force
than ST-F with straight surface. ST-F has the smallest
reinforced effect on fg because its surface is smooth and can
not provide the mechanical occlusive force. It can be seen
that because the surface shape of steel fiber has important
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effect on the interface bonding force between concrete and
steel fiber, the surface shape of steel fiber obviously affects
the reinforced effect on the splitting tensile strength of
concrete. In order to increase the reinforcement of steel fiber
on concrete, the rough surface of steel fiber is the best choice.

3.3. Shear Strength. Relationship between shear strength
(f)> shear strength reinforced ratio (fg/f,), and steel fiber
volume fraction (Vi) with the different steel fiber shape is
shown in Figure 6. When V; increases from 0 to 0.5%, fz
increases rapidly. When V¢=0.5%, fy/f, =1.37 for ST-F, fg/
fv=1.46 for HE-F, and f/f, = 1.43 for CO-F. Whatever the
steel fiber shape is, fg increases about 40% when Veincreases
from 0 to 0.5%. When V¢ increases from 0.5 to 1.5%, fg, still
increases with the increase of Vi, but the growth ratio is
slowing down. When V; is more than 1.5%, fs, of ST-F
continuously increases while f, decreases with the increase
of V¢ for HE-F and CO-F.

This result indicates that too much steel fiber can
cause shear strength reduction. The reason lies in two
aspects. One is that the compressive strength of concrete
matrix is not high; it leads steel fiber which is pulled out
from concrete matrix before concrete failure because of
the low bond force between concrete and steel fiber. And
steel fiber cannot give full play when the steel fiber
volume fraction is big. Some literature gave a similar
result: to improve the shear strength, the first way con-
sists in the increase of the compressive strength of the
concrete; the second way is obtained with the addition of
fiber [14]. The other reason is that higher V; may more
easily cause the uneven distribution of steel fiber; the
uneven distribution of steel fiber leads to the lower
bonding force between some steel fiber and concrete and
also produces some weakened region. An optimum steel
fiber content exists for a given concrete, beyond which the
reinforcing effect of steel fiber on the shear strength
becomes weakened with increase of steel fiber content.
This result is slightly different to many previous litera-
tures which proved that direct shear capacity of SFRC is
clearly related to the amount of fiber [15].

3.4. Flexural Strength. Relationship between flexural
strength (fam), flexural strength reinforced ratio (fgm/fim)»
and steel fiber volume fraction (V) with the different steel
fiber shape is shown in Figure 7.fg,, increased continuously
as Vyincreased from 0 to 2%. Whatever the shapes of steel
fiber are, the three trend lines are nearly straight upward; this
indicates that fg,, is all nearly a linear function of Vi
However, the slopes of three lines are different, the slope of
CO-F is the biggest, and the slope of ST-F is the least. This
means that when V; is fixed, the enhancement effect is
different with the different shape of steel fiber. CO-F is the
best and HE-F takes the second place. It can be attributed to
the bond strength of the matrix and steel fiber. The deformed
shape provides better bond property than the straight fiber.

When Vireaches its maximum value 2%, fgm/fim of CO-F
is 2.11 and fam/fim of HE-F is 2.01; this means that fg,, of
concrete in corrugated and hooked steel fiber doubles the
value of plain concrete. fgm/fim 0f ST-F is the least, which is
1.84. This proved that steel fiber has excellent enhancement
effect on flexural strength. Previous research suggested that
the limited volume fraction of HE-F is 1.5% for the eco-
nomical and efficient use of steel fiber on flexural perfor-
mance [11]. However, test results of this paper indicated that
flexural strength still increased with Vi, even if V¢>1.5%.
This may be because the concrete matrix strength in this test
is only about 40 MPa. The flexural failure is attributable
mostly to pull-out rather than rupture of the steel fiber. The
flexural strength of the SFRC increased with the increase of
fiber content, which is closely related to the number of steel
fibers that provide a bridging action. Then, steel fiber of
deformed shape can play more important role than that with
straight shape.

4. Strength Calculation Model

The above result analysis proved that steel fiber can improve
Stew fres> frr a0d fr Of concrete obviously with the increasing
of Vr. When V% is fixed, the reinforcement ratio mainly is
influenced by the interface bonding force between concrete
and steel fiber. The interface bonding force mainly consists
of three parts: chemical cementation force, frictional
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resistance, and mechanical interaction force. Chemical ce-
mentation force is mainly influenced by the strength of
concrete matrix (f;,). Frictional resistance is mainly affected
by surface area and roughness. Mechanical occlusal force is
mainly affected by the surface dents of steel fiber. Thus, the
important enhancement factors of ficu, fgs, fz, and fg,, are
concrete matrices (f.,), aspect ratio (l¢/d¢), content (V¢), and
shape and surface dents of steel fiber.

4.1. Effect of Steel Fiber. Based on the above analysis, rein-
forcement ratio of fz, is influenced by content, aspect ratio,
and shape of steel fiber; it can be expressed as follows:

f fcu
f cu

where f;, is the compressive strength of SFRC; f, is the
compressive strength of plain concrete; as is the influence
coefficient of steel fiber shape, which is related to the geo-
metric and surface shape of steel fiber; A¢ is the characteristic
coeflicient of steel fiber, A¢= V¢ I/d.

(4)

=1+ (XfAf,

ar of these three shapes steel fiber can be obtained
through the regression analysis of experiment data in this
paper and relative research literature [13, 16, 32-35] based
on (4). The relationship between f.,/f-, and A¢ is shown in
Figure 8.

As shown in Figure 8, although the length and aspect
ratio of steel fiber from different literature are different, the
reinforcement ratio of fi, had a linear relationship with A¢
when the surface shape of steel fiber is the same. Value of ¢
can be obtained through regression analysis: a¢=0.21 for ST-
F; ag=0.27 for HE-F; a;=0.4 for CO-F. a; of CO-F is the
biggest; this is because corrugated surface not only can
increase the surface roughness, but also can provide me-
chanical interaction force. oy of HE-F is in the second place;
hooks at the end of steel fiber can increase part of the
frictional resistance. Adding surface roughness or uneven of
steel fiber can improve its enhancement effect obviously
under the condition of keeping content of steel fiber.

4.2. Effect of Concrete Matrix. Concrete matrix also plays an
important role in bonding strength, so it significantly affects
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the reinforcement ratio of fgs, fr» and fm,. The reinforcement
ratio of fgs, fr» and fry, can be expressed as follows:

Rf =1+ (Xf(XcAf, (5)
where R is strength reinforced ratio of SFRC; it can rep-
resent feo/fis feo/ s OF feum/ fims @t is the influence coefficient of
concrete matrix, which is related to compressive strength of
concrete matrix.

a. can be obtained through the regression analysis of
experiment data in this paper and previous literature
[13, 16, 21, 32-36] based on equation (5). According to
equation (4), agis known: ap=0.21 for ST-F; ay=0.27 for HE-
F; ar=0.4 for CO-F. The relationship between R¢ and ag; is
shown in Figure 9.

(c)

and A¢ (a) ST-F, (b) HE-F, and (c) CO-F.

As shown in Figure 9, although the length and aspect
ratio of steel fiber from different literature are different and
Ry represents different strength reinforcement rates, such as
fas!frs> fevlfir O feem/fems> Re showed a linear relationship with
agle. This indicates that the reinforced effect of concrete
matrix on the strength of SFRC is linear when eliminating
the effect of steel fiber. As shown in Figure 9, the value of o,
can be obtained through linear regression with the exper-
iment data, a.=4.86 and R*=0.87. This shows that the
correlation between Ry and ag¢ is fairly good. Since the
compressive strength of plain concrete in this test is fixed
(fou=34.6 MPa), the value of &, could change with the
changing of f.,. The relationship between f, and «a. should
be studied further for high strength concrete.
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TaBLE 6: Calculated results and the comparison between calculated results and test results of mechanics strength.
. ffcu ffts ffv fftm
Mixture number
Cal (MPa) C/T Cal (MPa) C/T Cal (MPa) C/T Cal (MPa) C/T
PC 34.6 1 3.15 1.00 6.85 1 4.32 1.00
ST-F0.5 35.7 0.99 3.65 0.87 7.94 0.85 5.01 0.93
ST-F1 36.9 0.95 4.15 0.93 9.03 0.89 5.70 0.91
ST-F1.5 38.0 1.00 4.66 0.95 10.12 0.92 6.38 0.86
ST-F2 39.1 0.96 5.16 0.97 11.21 0.92 7.07 0.89
HE-F0.5 36.1 0.95 3.82 0.89 8.32 0.83 5.24 0.86
HE-F1 37.6 0.99 4.49 0.86 9.76 0.89 6.16 0.85
HE-F1.5 39.1 0.97 5.16 0.89 11.22 0.92 7.08 0.94
HE-F2 40.7 0.98 5.83 0.91 12.68 1.11 7.99 0.92
CO-F0.5 36.4 1.04 3.96 0.85 8.62 0.88 5.44 0.83
CO-F1 38.3 1.02 4.78 0.90 10.39 1.03 6.55 0.89
CO-F1.5 40.1 1.00 5.59 0.85 12.16 1.01 7.67 0.90
CO-F2 42.0 0.98 6.40 0.91 13.92 1.25 8.78 0.96

Note that Cal stands for the calculated result and C/T stands for the ratio of the calculated result with test result.

4.3. Formula Validation. Above is the main analysis of the
enhancement effect of steel fiber. In order to verify the
correctness of the equations (4) and (5) and regression
coefficient of as and «,, the strength calculation method of
Jrew fis fr and gy, can be put forward based on equations
(4) and (5):

fion = fou X (1 + o), (6)
fits = fro X (1+ arache), (7)
foo = Fuox (T +aack), (8)
Ftm = fom X (1 + o), ©)

where ag=0.21 for ST-F; ag=0.27 for HE-F; a;y= 0.4 for CO-
F; a. =4.86; A¢= V¢ I¢/dy. Putting the test data of £, in (6), 5 in
(7), fv in (8), and fiy, in (9), the calculated value of ficy, fits frir
and fg., and the ratio of calculated value to test value are put
into Table 6.

The ratio of calculated value to test value of f.,, varies
from 0.95 to 1.04; this indicates that calculated value of fi,

coincides with test value quite well. The ratio of calculated
value to test value of fz, and fp, varies from 0.85 to 1.
Although the calculated value is slightly less than test value,
the calculated value is still close to the test value. Except CO-
F2, the ratio of calculated value to test value of f;, varies from
0.83 to 1.11; the calculated value is also close to the test value.
According to the previous analysis, when V; is larger than
1.5%, the enhancement effect of steel fiber becomes weak,
but in the calculation of equation (8) this can not reflect this
character, so when Vi is 2%, the calculated value is larger
than the test value. Further research should be taken for
SFRC with steel fiber volume fraction that is above 2%.

5. Conclusions

The general objective of this research project was to evaluate
the effect of steel fiber shape and content on the mechanical
property of SFRC and the calculation method of reinforced
effect of steel fiber with different shape and content on
compressive strength, splitting strength, shear strength, and
flexural strength. The main conclusions are as follows:
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(1) Expecting that shear strength gets its maximum
value at steel fiber volume ratio which is 1.5%,
compressive strength, splitting strength, and flexural
strength all express linear increase trend with the
increasing of steel fiber volume ratio from 0 to 2%.

(2 YWhen the steel fiber content is fixed, CO-F has the
best reinforced effect on compressive strength,
splitting strength, shear strength, and flexural
strength of SFRC; HE-F takes the second place and
ST-F is the least.

(3) In order to increase the reinforcement of steel fiber
on concrete, the steel fiber has rough surface which is
the best choice. At least, interface bonding force
should be increased as far as possible.

(4) Two influence factors afand a, were put forward and
their value was obtained by regression analysis of
experiment data. The proposed calculated formulas
for compressive strength, splitting tensile strength,
shear strength, and flexural strength of SFRC have
good agreement with the experimental results.

(5) When steel fiber volume fraction is larger than 2%,
the reinforced effect of steel fiber on shear strength
needs to be studied further. Relationship between f,
and a. should also be researched further for high
strength concrete (f., > 60 MPa).
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The experimental work presents results on the fatigue performance of composite beams in the negative moment region and the
changes of stiffness and deformation of composite beams under repeated loads; fatigue tests were carried out on two double-layer
composite beams. The fatigue performance of composite beams with different reinforcement ratios under complete shear
connection and the variation of deflection, strain of the reinforcement, strain of steel beam, and crack growth under fatigue load
were obtained. The results showed that the fatigue resistance performance of concrete slab with low reinforcement ratio was much
lower than that of concrete slab with high reinforcement ratio whereas, under the fatigue load, the stress of the welding nail in the
negative moment region was small and the slip was almost negligible. The degradation of stiffness and the development of cracks
were mainly due to the degradation of bond-slip between the concrete and reinforcement. The fatigue failure mode was the
fracture of the upper reinforcement in negative moment region. The results obtained in this study are helpful in the design of

composite beam.

1. Introduction

Steel-concrete composite beam is a kind of flexural structure
which connects steel beam and concrete slab as a whole. It
can make full use of the material properties of steel and
concrete and has significant advantages as small structural
height, light weight, high bearing capacity, large stiffness,
and good comprehensive benefits [1-3]. However, in the
process of use, the negative bending moment exists at the
fulcrum in the continuous composite beam bridge, when
concrete slab is under tension, steel beam bottom plate and
web are under compression, the performance of the two
materials is not effectively achieved, and concrete slab in
most cases is unfavorable under tensile condition [4-6].
Concrete with low tensile strength will crack when the load is
very small. After cracking, the section stiffness of negative
moment region decreases, and the concrete slab and steel
beam have a relative slip, which leads to the redistribution of
the internal force of the structure and affects the mechanical
performance of the whole composite beam. The mechanical

properties of the negative moment region of the concrete
slab after cracking are complicated and must be studied
through experiments.

The control area of the continuous composite beam is the
negative moment region. The crack of concrete in negative
bending area, the stress of reinforcement in concrete slab,
and the buckling and fatigue of steel beam are the research
emphases of continuous composite beam. In recent years,
researchers have done considerable experiments on the
static properties of steel-concrete composite beams. Barnard
and Johnson [7] and Mallick and Chattopadhyay [8] showed
that as long as secondary failure could be avoided, it was
feasible to design most continuous composite beams
according to the simplified plastic method. Hamada and
Longworth [9] conducted tests on three continuous com-
posite beams with two equal spans; their study showed that
the failure mode was based on the crushing of concrete in the
positive moment region or the local buckling of steel beam
flange in the negative moment region, the ultimate load of
continuous composite beams could be accurately calculated,
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and the amount of longitudinal reinforcement was the main
factor influencing the failure mode in the negative moment
region. Johnson et al. [10, 11] conducted tests on three-span
continuous composite beams; their results indicated that the
design of continuous composite beams is often controlled by
the yield and cracking of materials under the service load.
Johnson and May [12, 13] studied the vertical shear capacity
of continuous composite beams through experiments, re-
spectively, including the shear distribution of concrete slabs
and steel beams. The results showed that the concrete slab
can withstand about 20% of the total shear capacity in or-
dinary continuous composite beams and can even withstand
50% of the total shear capacity in slim sections. Johnson [14]
conducted experimental studies on the shear strength and
flexural stiffness of continuous composite beams, believing
that the shear stiffness of sections is proportional to the
number of shear joints, and shear connectivity is an im-
portant parameter in the design of continuous composite
beams. Grant et al. [15] made a theoretical and experimental
study on the influence of shear connection on the me-
chanical properties of continuous composite beams and
concluded that the reduction of shear connection could
greatly affect the bearing capacity of beams. Gautam [16]
considered that shear nails, as a component of steel-concrete
composite structure, play an important role in the perfor-
mance of composite structure. Therefore, the influence of
group columns on simply supported continuous box girder
was studied, and the experimental results displayed that the
higher the shear connectivity, the smaller the maximum slip
value.

In recent years, the fatigue performances of steel-con-
crete composite beams have also been studied experimen-
tally. Liao [17] obtained that the fatigue life of the welding
nails was mainly controlled by the stress amplitude and not
affected by the maximum stress. The strength of concrete has
little influence on the fatigue life of welding nails. Fatigue
load test of composite beams was carried out by Yen et al.
[18]; and the test results revealed that it was recommended to
use complete shear connection to avoid excessive defor-
mation of composite beams under fatigue load. The type of
reinforcement had significant effect on the fatigue perfor-
mance of the beam. The composite beams with fine steel
hinge lines displayed better fatigue resistance than the
composite beams with reinforcement. Considering the
particularity of composite beams connected by partial shear
force, the corresponding experimental studies were con-
ducted by Geattesco et al. [19]; and the test results showed
that the European code 3 tended to be conservative when
evaluating the fatigue life of internal bolts of composite
beams, and the fatigue performance of internal bolts of
beams was better than that of internal bolts of specimens
under the same conditions. Youn et al. [20] conducted static
loading and fatigue loading tests on the 1:5 composite
bridge model, and the test results showed that when the load
was applied to the middle of the bridge panel, the static
strength and fatigue strength of the bolt were higher than
those when the load was applied near the support. Johnson
[21] summarized many representative research results and
the latest provisions of several internationally popular codes,
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adopted the European code model, and suggested that the
fatigue life of composite beams should be calculated as
follows:logNK + 5.5logA7=16.4.

In the review of both domestic and foreign literature,
most studies mainly focused on the stiffness degradation
caused by the sliding of welding nails under repeated loads
and the fatigue failure of welding nails [22, 23] but there
were few studies on the crack development of concrete
bridge slab after cracking and the failure pattern of bridge
slab caused by reinforcement fracture. The mechanism of
stiffness degradation and fatigue failure of composite beams
connected by complete shear force under repeated loads was
rarely studied. In this paper, through the design of two
reverse-loading simply supported composite beams, the
mechanical behavior of the negative moment region of
double-layer composite beams with different reinforcement
ratios under monotone and repeated loads was studied. The
crack development of concrete slab in negative moment
region, the change of sectional stress of composite beam, the
change of midspan deflection of composite beam, and the
fatigue failure pattern were observed, and the results pro-
vided a reference for the design of composite beam.

2. Experimental Model Design

2.1. Experimental Beam Design. In order to make the test
model truly reflect the stress characteristics of the actual
composite beam bridge, this study simplified the scale of a
continuous composite beam bridge and designed the test
beam model in accordance with the principle that the rel-
ative height of the neutral axis remained unchanged, the
structural stiffness was equivalent, and the shear connection
degree was the same. The design parameters and loading
mode of the test beam are shown in Table 1. The total length
of the composite beam was 5.5 m, the distance between two
supports was 4.9 m, the beam height was 0.55m, and the
beam width was 1.4m. The transverse and longitudinal
sections of the test beam are shown in Figures 1 and 2.

2.2. Design of Welding Nail Connector. In order to effectively
combine concrete and steel, a certain number of welding nail
connectors were arranged on the floor of the steel beam to
strengthen the connection between steel and concrete, as
shown in Figure 3. The floor concrete was 95 mm thick, the
top layer was covered with reinforcing mesh, the longitu-
dinal steel bar had a diameter of 8 mm and a spacing of
70 mm, and the transverse steel bar had a diameter of 6 mm
and a spacing of 90 mm. The concrete structure of base plate
is shown in Figure 4. The welding nail connectors were
arranged in a continuous manner, as shown in Figure 5.

2.3. Design of Bridge Deck. The PLG-1 and PLG-2 test beams
used ordinary reinforced concrete bridge decks. In order to
study the influence of different reinforcement ratio on the
mechanical properties of composite beams, concrete slabs
with the reinforcement ratio of 0.86% and 1.72% were used,
respectively. The reinforcement structure is shown in
Figure 6.
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TaBLE 1: Parameters of composite beam specimens.

Number of upper Measured compressive

Specimen Section form Layout of. upper flange welding Reinforcement ratio of strength of concrete Loading
no. flange welding nails . concrete slab (%) method
nails (MPa)
Double- .
PLG-1 layer Continuous 176 1.76 59.05 Repeated
arrangement loading
concrete
Double- .
PLG-2 layer Continuous 176 0.88 60.18 Repeated
arrangement loading
concrete
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FiGUre 1: Cross section of test beam (unit: mm).
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FIGURE 2: Longitudinal section of test beam (unit: mm).
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FIGURE 3: Layout of welding nails on the bottom plate (unit: mm).
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FIGURE 6: Structure of ordinary reinforcement in concrete slabs (unit: mm). (a) PLG-1: reinforcement ratio 1.72%. (b) PLG-2: reinforcement

ratio 0.86%.

2.4. Basic Mechanical Properties of Concrete. The concrete
was all commercial concrete, according to the test method in
GB/T 50081-2002 Standard for Testing Methods of Me-
chanical Properties of Ordinary Concrete; the compressive
strength, tensile strength, and elastic modulus of concrete
cubes with ages of 7 days and 28 days were tested. The
specimen size used in the compressive strength and tensile
strength tests was 150 mm x 150 mm x 150 mm, and the size
of the specimen used in the elastic modulus test was

150 mm x 150 mm x 300 mm. The basic mechanical prop-
erties of concrete at 7 days and 28 days are shown in Table 2.

2.5. Experimental Scheme Design

2.5.1. Loading System. This test was performed in the lab-
oratory of the Institute of Structural Engineering and Di-
saster Prevention of Tongji University. The loading
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TaBLE 2: Basic mechanical properties of concrete at 7 days and 28 days.

Age/day Test type

Specimen number

Measured value (MPa) Use value (MPa)

—

Compressive strength

7 Tensile strength

Elastic modulus

46.23
49.38
45.19
2.76
3.01 3.08
3.47
32800
38900
34100

46.93

35300

Compressive strength

28 Tensile strength

Elastic modulus

W RN = WA = WK WK WK = W

52.26

56.1 56.42
60.89

3.52

3.83 3.68

3.7
36500
43900
41100

40500

equipment used was the PMS-500 fatigue tester. The max-
imum load was 1000 kN and the maximum frequency was
10 Hz. The loading method of simply supported composite
test beam with negative moment is shown in Figure 7. Due to
the test site and loading method, the test beam was hoisted in
the opposite direction, with the concrete slab facing down
and the bottom plate facing up. Repeated loads were placed
in the middle of the beam span by the distribution beam; the
loading diagram is shown in Figure 8.

2.5.2. Loading Procedure. According to the results of the Liu
[24] static load test, the upper limit of the load of PLG-1 was
490 kN and the lower limit was 225 kN. In order to prevent
the cracks from appearing too wide during the entire test, the
initial load limit of the fatigue test piece PLG-2 was 190 kN,
and the variable load method was used gradually to increase
the maximum load limit and load amplitude.

PLG-1 was loaded in two ways, static and dynamic. The
static load was divided into 10 levels, with the maximum
load being 490 kN and the load of each level being 49 kN. The
upper and lower limits of the dynamic load were
225kN-490 kN, with 4 Hz loading frequency. The specific
loading process was as follows: before the dynamic load was
applied, three static loads were applied to make the concrete
slab crack, so as to simulate the cracked working state of the
bridge deck. The dynamic load was stopped every 250,000
cycles, and a static load was applied after each stop to
measure strain and deflection and observe cracks. After 2
million dynamic loads, the test beam had not been damaged,
the upper limit load and the stress amplitude will be in-
creased, and the observation will be stopped every 250,000
cycles until the final failure.

PLG-2 adopted the method of variable amplitude
loading because the reinforcement ratio was small, the stress
of the steel bar under the same load was also large, and the
cracks appeared earlier. Therefore, the load was gradually
increased by increasing the upper limit of the load and the
load amplitude. The static load was divided into 10 levels,

FIGURE 7: Test beam loading site.

FIGURE 8: Schematic diagram of test beam loading.

190 kN as maximum load, and the load of each level was
19 kN. The upper and lower limits of the dynamic load were
90 kN-190 kN, with the loading frequency being 4 Hz. The
specific loading process was as follows: before the dynamic
load was applied, three static loads were applied to make the
concrete slab crack, so as to simulate the cracked working
state of the bridge deck. The dynamic load was stopped every
200,000 cycles, and a static load was applied after each stop
to measure strain and deflection and observe cracks. After 1



million dynamic loads, the load upper limit and load am-
plitude were gradually increased, and the observation
stopped at every 250,000 times until the load fails. The
loading scheme is shown in Table 3.

3. Layout of Measuring Points

3.1. Layout of Displacement Meter. Figures 9 and 10 show the
layout of the combined test beam displacement meter and
the micrometer. P was the deflection displacement meter for
measuring the vertical displacement of the whole beam, with
an accuracy of 0.01 mm, arranged on the top surface of the
concrete beam. S was the dial indicator for measuring slip.

3.2. Layout of Strain Measuring Points. The measuring points
of the upper flange were arranged on the bottom of the upper
flange and the outside of the box girder. There were strain
gauges inside and outside of the web, and the measurement
results were checked with each other. The measuring points
of the steel beam bottom plate were arranged on the outer
side of the bottom, while there were no measuring points on
the inner side of the steel beam bottom plate box. Figure 11
shows the layout of the steel beam strain gauge.

PLG-1 was arranged with 5 measuring points at the
midspan section, 1 time the beam height, 2 times the beam
height, and 3 measuring points at the height of 0.5 times
beam height, respectively, at the front and back, a total of 21
measuring points. PLG-2 was equipped with 4 measuring
points at each of the 5 sections, with a total of 20 measuring
points. Figures 12 and 13 show the measuring points of
reinforcement in the concrete bridge panel.

4, Test Results and Analysis

4.1. Failure Process and Shape of Test Beam. The loading
failure process of the test beams PLG-1 and PLG-2 was
roughly the same. During the experiment, there was no
obvious slip occurring in both specimens, and the slip
measured in static loading was less than 0.02mm. The
concrete slab and the steel flange were always tightly
combined and no separation was seen.

In the initial stage of static load loading, the top surface
of the concrete slab was pulled apart and cracked. With the
increase of load, the distribution range of cracks in the
concrete slab increased and the crack width increased. After
the first stop under the dynamic load, the crack development
range and crack width increased obviously. The main cracks
had basically all appeared after the completion of the first
dynamic load. In the subsequent fatigue loading, the cracks
expanded along the original direction, the width gradually
increased with fatigue loading, and the number remained
basically unchanged. In the last static test, the width of the
crack reached 0.29 mm, which was about 24% more than
before the fatigue loading. Before 750,000 cycles, there was
no significant change in deflection. When the static load test
was performed after 1 million cycles, the deflection increased
significantly compared to before fatigue loading, and the
deflection increased by about 17%. During the loading
process, the position of the neutral axis across the
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midsection had not changed, which means that there was no
reduction in stiffness caused by slippage, and the steel beams
and steel bars had not reached yield.

After the fatigue failure stopped, the reinforcement at the
crack section was observed to be completely fractured. The
failure modes of the fractured reinforcement can be divided
into two types. The first type was typical fatigue fracture. The
second type was the damage caused by the cracks that made
the reinforcement enter the plastic phase. The cross section
was characterized by uneven stubble and obvious necking.
Until the final stage of loading, no bending and shear failure
occurred in the shear nails, and no compression failure
occurred in the concrete near the shear nails. The failure of
PLG-1 is shown in Figure 14.

At the initial stage of PLG-2 loading, the cracks devel-
oped to about 0.21 mm at 200kN. Due to the low load
amplitude, the number and spacing of cracks became stable
around 600,000 cycles. After loading for 1 million cycles, the
crack width increased to 0.27 mm and the crack width in-
creased by 29%. After 1 million cycles, the maximum crack
width also began to increase due to the increase of stress
amplitude, and the crack width increased to 0.31 mm for 1.5
million cycles. There was no significant increase in deflection
before 1 million cycles, and it was destroyed after loading
1.65 million cycles. During the 1.5 million shutdown tests,
no sudden change in the strain of the steel bars and beams
was found.

When the static load before fatigue loading was completed,
it was seen that the neutral axis of the midspan section after
cracking has been lowered to 150 mm above the bottom
surface, between the first state and the second state. Before 1
million cycles, the position of the neutral axis across the
midsection had not changed, indicating that there was no
decrease in stiffness due to slippage and that the steel beams
and reinforcement did not yield. When the load reached 1
million cycles, the neutral axis position dropped to about
200 mm, indicating that the bonding and slip performance of
the reinforcement weakened and the section stiffness de-
creased. When loaded to about 1.62 million cycles, an opening
crack of about 3 mm appeared. Fatigue fracture of some re-
inforcement had occurred at the crack, and the connection
between the concrete slab and the steel flange was still intact. At
this time, the load was continued without stopping, and the
crack developed rapidly. As the cracks developed, the tension
released by the concrete slab was shared by the remaining
ordinary reinforcement and the upper flange of the steel beam.
The ordinary reinforcement in concrete slab was first tensioned
to yield and the displacement amplitude increased obviously.
Then the reinforcement in the concrete slab at the centerline
broke, followed by the flange crack on the steel beam, and the
cracks gradually spread to the web of the steel beam and
stopped at 1.65 million cycles.

After the shutdown, it was observed that the rein-
forcement was completely broken at the crack section, and
the fracture form of the broken reinforcement was the same
as PLG-1. Until the final stage of loading, there was no
bending and shear failure of the shear nails, and there was no
compression failure of the concrete near the shear nails. The
damage of PLG-2 is shown in Figure 15.
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TaBLE 3: Test load.

Specimen PLG-1  PLG-2 (0-1x10° cycles) ~ PLG-2 (1x 10°-1.5x10° cycles) ~ PLG-2 (after 1.5x10° cycles)

Upper limit 490 190 300 380
Load (kN) Lower limit 225 90 90 130

Amplitude 265 100 210 250
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FIGURE 9: Layout on the left (unit: mm).
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FIGUure 10: Layout on the right (unit: mm).
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FiGure 11: Layout of measuring points of steel beam (unit: mm). (a) Layout of inner and outer webs. (b) Layout of outside of base plate. (c)
Layout of lower side of upper flange.
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FIGURE 12: Layout of PLG-1 reinforcement measuring point (unit: mm).
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FIGURE 13: Layout of PLG-2 reinforcement measuring point (unit: mm).

4.2. Cracks in Concrete Slab

4.2.1. PLG-1. After the initial static load of PLG-1, the cracks
were mainly concentrated in the range of 2.5 times the beam
height on both sides of the center line. The maximum crack
width was 0.25mm, and the main through crack distance
was about 14 cm. After 250,000 cycles, the crack expanded to
3.5 times the beam height on both sides of the centerline, and
the maximum width of the crack reached 0.26 mm. After
500,000 cycles, 750,000 cycles, and 1 million cycles, the range
of crack distribution and the maximum crack width changed
little, which was the penetration and widening of the original
crack. Before fatigue failure, the maximum crack width
increased by about 24%. The crack width information of the
test beam is summarized in Table 4. Figures 16 and 17 show
the crack distribution diagram of PLG-1 concrete slab and
the photos of the crack with the maximum width.

4.2.2. PLG-2. After the initial static load, five cracks
appeared within a range of 1 time the beam height from
the centerline, and the maximum width of the initial crack
was 0.21 mm. After 200,000 cycles, several new cracks
appeared, and the cracks were mainly concentrated within

the double beam height on both sides of the middle
fulcrum. After 400,000 cycles, several new cracks
appeared within the original cracks. After 600,000 cycles,
the number and length of cracks had developed greatly.
The cracks were mainly concentrated in the range of 2.5
times the beam height on both sides of the middle ful-
crum, and many cracks penetrated the plate width. After
800,000 cycles and 1 million cycles, the range of crack
distribution and the maximum crack width changed little,
basically the penetration and widening of the original
cracks. When the load did not increase, the crack width
increased by 29% after 1 million cycles. After increasing
the upper limit of the load and the amplitude of the load,
during the 1.25 million shutdown observations, several
through cracks appeared, and the main cracks were
concentrated within 3.5 times the beam height on both
sides of the center line. After 1.5 million cycles, the
distribution range and length of the cracks were similar to
those after 1.25 million cycles, and some cracks had de-
veloped. The crack width information of the test beam is
summarized in Table 5. Figures 18 and 19 show the crack
distribution diagram of PLG-2 concrete slab and the
photos of the crack with the maximum width.
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FIGURE 15: Failure mode of PLG-2. (a) Global failure of composite beam. (b) Crack of concrete slab. (c) Failure of concrete slab.

TaBLE 4: Cracks of concrete slab of PLG-1 (unit: mm).

PLG-1 Before the dynamic Before the dynamic After 250,000 After 250,000 After 250,000  After 1 million

load load cycles cycles cycles cycles
Static load
380 490 490 490 490 490
(kN)
Crack width 0.22 0.25 0.26 0.27 0.29 0.31
4.3. Load-Displacement Curve 4.3.2. PLG-2. Before dynamic load was applied, static load

was applied to the test beam. There were ten stages of static
4.3.1. PLG-1. Before the dynamic load was applied, the load, each of which is 20 kN. The load-displacement curve
static load was applied to the test beam first. The static  ynder static load is shown in Figure 22. It can be seen that
load was divided into ten levels; each level was 49kN. The  .yncrete cracks occurred when the displacement was very
load-displacement curve under static load of PLG-1is  gmall, and the cracking load was about 48 kN, which de-
shown in Figure 20. It can be seen from the figure that the 1oi5ed by 52% compared with PLG-1. The static loading
concrete cracked when the displacement was small, the  pefore fatigue loading reached a maximum displacement of
cracking load was approximately 100 kN. After cracking,  pout 2.5 mm at 200 kN.
the slope of the load-displacement curve decreased, in- As can be seen from Figure 23, the load-displacement
dicating that the stiffness of the test beam decreases  cyrves of PLG-2 in static load test after each fatigue load
gradually. The static loading before fatigue loading  howed a linear relationship. Under the same static load, the
reached a maximum displacement of about 7.0 mm at  geflection in the span did not change much. The static test
500kN. displacement after 1 million times increased by 1.6%
As can be seen from Figure 21, the load-displacement compared with the deflection before dynamic loading, but
curves of PLG-1 in static load test after each fatigue load  the deflection after 1.25 million times increased by 46% and
showed a linear relationship. Before the occurrence of fa-  {he deflection after 1.5 million times increased by 60%,
tigue failure, the midspan deflection did not change sig- indicating that the stiffness of the beam decreased signifi-
nificantly under the same static load, within 1 mm. It was  cantly shortly before fatigue failure. Compared with PLG-1,
shown that there is no significant stiffness decrease of PLG-1  he stiffness of PLG-2 under fatigue load decreased more
test beam before fatigue failure. significantly before fatigue failure.
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FiGure 17: The largest crack in the concrete slab of PLG-1. (a) 380kN. (b) After 250,000 cycles. (c) After 1 million cycles.

TaBLE 5: Cracks of concrete slab of PLG-2 (unit: mm).

PLG-2 Before the  After 200,000 After 400,000 After 600,000 After 800,000 After 1 After 1.25 After 1.5
dynamic load cycles cycles cycles cycles million cycles million cycles million cycles
Static load
190 190 190 190 190 190 300 380
(kN)
Crack 0.21 0.23 0.25 0.26 0.27 0.27 0.29 0.32
width

4.4. Reinforcement Strain of Concrete Slab. The strain of  of the web was larger than that at the other positions, in-
upper reinforcement at the center line of PLG-1 and PLG-2  dicating a shear lag effect existence, but the effect was not
was selected for analysis. Figure 24 shows the midspan  obvious. Figure 25 shows the strain of the midspan rein-
reinforcement strain of PLG-1 after 1 million dynamic  forcement of PLG-2 after 1.25 million dynamic loaded, and
loaded. It can be seen that the reinforcement strain at the top it was not found that the strain of the web reinforcement was
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FIGURE 19: The largest crack in the concrete slab of PLG-2. (a) 200kN. (b) After 200,000 cycles. (c) After 1.5 million cycles.

larger than that of the rest positions, which might be caused
by the low reinforcement ratio of PLG-2, the insignificant
shear lag effect, or the limited means of test. Figures 26 and
27 show the variation curve and comparison curve of re-
inforcement strain in concrete slab with load at the center
line of PLG -1 and PLG -2. It can be seen that the strain of the
reinforcement during the initial cracking of the concrete was
greater than the strain of the reinforcement during repeated
loading, which might be caused by the decrease in the
stiffness of the concrete caused by repeated loading and the
reduction of the shared moment of the concrete slab. Due to
the influence of cracks, the strain of steel bars collected by

strain gauge at the same section location was not the same.
After the cracking of concrete, the load-strain relationship of
reinforcement was close to linear in each static loading after
repeated loading.

4.5. Strain of Steel Beam

4.5.1. PLG-1. Figure 28 shows the relationship between
strain and load on the top flange of the steel beam at the
center line section and at 0.5 times the beam height. It can be
seen that the effect of fatigue load on the stiffness of the steel
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FIGUure 20: Load-displacement curve of PLG-1 midspan (before
dynamic load).
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Figure 21: Comparison of midspan load-displacement curves
(after dynamic loading of PLG-1).

beam was not obvious. After the first static load cracking of
the concrete slab, the strain-load of the steel beam had a
linear relationship and was in a lower stress state. With the
increase of fatigue loading times, the strain of steel beam
under the same load increases gradually.

Figure 29 shows the relationship between strain and
section height on the top flange of the steel beam at the
center line section and at 0.5 times the beam height. As can
be seen from the figure, along the height of the section, the
various strains were distributed in proportion to the distance

Advances in Civil Engineering

250

Load (kN)

Displacement (mm)

—o— Center-left
—#— Center-right

FiGure 22: Load-displacement curve of PLG-2 midspan (before
dynamic load).
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Figure 23: Comparison of midspan load-displacement curves
(after dynamic loading of PLG-2).

from the neutral layer. As the load increases step by step, the
strain was distributed in a straight line. The neutral layer was
150 mm away from the bottom edge of the section. After 1
million cycles, it can be seen that the strain at the height of
450 mm was basically the same, and the strain value at the 0.5
times beam height at the height of 0 mm was about twice the
strain value of the central line section. The steel beam was in
the elastic working range, and the section deformation
conforms to the assumption of flat section.
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FIGURE 24: PLG-1 strain of midspan reinforcement after 1 million
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FiGure 25: PLG-2 strain of midspan reinforcement after 1.25
million dynamic loads.

4.5.2. PLG-2. Figure 30 shows the variation curve of top
flange strain with load at the center line section and 0.5
beams height section of PLG-2. It can be seen that the strain
of the steel beam was not affected by the fatigue load. The
load-strain relationship of steel beams after fatigue loading
was linear. As the cycles of loadings increased, the strain of
the steel beam under the same load gradually increased.
Under the same static load, the strain after 1 million cycles of
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FIGURE 26: PLG-1 reinforcement strain comparison of midspan
concrete slab.
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FIGURE 27: PLG-2 reinforcement strain comparison of midspan
concrete slab.

fatigue loading increased by 2% compared with that after
200,000 cycles, but the strain after 1.25 million cycles of
loading increased by 40% and that after 1.5 million cycles of
loading increased by 50%, indicating that the rigidity of the
steel beam before fatigue failure was significantly reduced.

Figure 31 shows the relationship between strain and
section height on the top flange of the steel beam at the
center line section and at 0.5 times the beam height. As can
be seen from the figure, along the height of the section, the
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FIGURE 29: Curve of strain of PLG-1 steel beam with height. (a) Center line section (after 1 million cycles). (b) 0.5 times the beam height
section (after 1 million cycles).

various strains were distributed in proportion to the distance ~ basically the same, and the strain value at the 0.5 times beam
from the neutral layer. As the load increases step by step, the ~ height at the height of 0 mm was about 1.5 times the strain
strain was distributed in a straight line. The neutral layer was ~ value of the central line section. The steel beam was in the
150 mm away from the bottom edge. After 1 million cycles,it  elastic working range, and the section deformation conforms
can be seen that the strain at the height of 450 mm was  to the assumption of flat section.
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FiGUure 30: Curve of strain of PLG-2 steel beam with load. (a) Center line section. (b) 0.5 times the beam height section.

450
400 |
350 |
300 £
g f
£ 250 §
& 200 §
) 3
= :
150 £
100 £
50 £
0 £ v bl gy } :
2300 -200  -100 0 100 200 300
Strain (107°)

—— 10kN —eo— 60kN

—=— 20kN —— 70kN

30kN —— 80KN

s 40KN —— 90kN

—x— 50kN —o— 103kN

()

450

400 +

350 +

300 +

Height (mm)
(3] (o]
o wu
o o

-400 -300 -200 -100 0 100 200 300 400
Strain (107°)

—— 10kN —e— 60kN

—m— 20kN —— 70kN

30kN —— 80kN

—— 40kN —— 90kN

—x— 50kN —— 103kN
(b)
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section (after 1 million cycles).

5. Conclusions

This work presents the results of the fatigue test and the-
oretical analysis of two composite beams with different
reinforcement ratios used to obtain the variation law of the
deflection, steel bar strain, steel beam strain, and crack
growth of the composite beam under fatigue loading. Based

on the experimental and theoretical results the following
conclusions can be drawn:

(1) The failure modes of the composite beams with two
reinforcement ratios designed in this paper were typical
fractures of reinforcement, and there was no fatigue
damage to the wailing nails and steel flange. The
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cracking of the concrete in the negative moment region
of the composite beam and the combined action be-
tween steel and concrete were not obvious, and the
stress on the welding nails was small. However, there
was stress concentration in the reinforcement at the
crack, and the fatigue failure in the negative moment
region of a composite beam was likely to be controlled
by reinforcement, but welding nails.

(2) The reinforcement ratio of the concrete slab had little
effect on the cracking load and crack distribution
range of the test beam but had a greater effect on the
crack width and crack spacing. The higher the
concrete reinforcement ratio, the smaller crack
distribution range, the denser crack spacing, and the
smaller crack width.

(3) During the whole process of fatigue loading, the
crack width growth trend of specimens with different
reinforcement ratios was close to each other. When
the reinforcement ratio of composite beams in-
creased from 0.86% to 1.72%, the maximum crack
width before fatigue failure decreases from 28% to
24% after one million times of fatigue tests. The
fatigue resistance of the low reinforcement ratio
specimen was much lower than the high reinforce-
ment ratio specimen.

(4) The strains of the reinforcement and steel beams
during the initial cracking were higher than those
after repeated loading, and the stress concentration
of reinforcement in the initial cracking was higher
than that after repeated loading. As the number of
loadings increases, the strain of the steel beam in-
creased and the strain of the steel bar decreased; the
internal force redistribution occurred in the section.
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The self-designed indoor simulated rainfall device was used to rain on five types of pavement structures with 4 types of rainfall
intensity (2.5 mm/min, 3.4 mm/min, 4.6 mm/min, and 5.5 mm/min). The effect of rainfall intensity on the surface runoff, the
relation between the subgrade soil moisture content changes, and the influence of initial soil water content on rain infiltration rate
are studied. The test results show that the surface runoff coeflicient of densely asphalted pavement is greater than 90% in drainage
pavements and it has little influence on the reducing and hysteresis of the flood peak. The surface runoff coefficient of large-void
asphalt pavement (permeable) is less than 40%. Although the large-void asphalt pavement (permeable) can reduce a small amount
of surface runoff, it has no obvious effect on the reduction and hysteresis of the flood peak. In semipermeable pavement, with the
increasing of the thickness of base (graded gravel), the surface runoff coefficient decreases at different rainfall intensities, parts of
the surface runoff are reduced, and the arrival of flood peaks is delayed. In permeable roads, almost no surface runoff occurred. As
time continued, the soil moisture content quickly reached a saturated state and presented a stable infiltration situation under the
action of gravity and the gradient of soil water suction. As the initial moisture content increases, the initial infiltration rate
decreases and the time to reach a stable infiltration rate becomes shorter. The drier the soil, the greater the initial infiltration rate
and the higher the soil moisture content after infiltration stabilization. Permeable roads can greatly alleviate the pressure of urban
drainage and reduce the risk of storms and floods.

1. Introduction

According to China’s National Bureau of Statistics, China’s
urbanization rate had reached 57.35% in 2016 [1]. The
densely asphalted road surface has increased significantly.
During rain and snow, the accumulated water on the road
surface causes serious inconvenience to pedestrian travel
and vehicle driving. In the case of heavy rainfall, a large
surface runoft will occur, increasing the drainage burden of
the urban pipe network [2]. In addition, due to lack of
rainwater penetration, groundwater is not effectively
supplied, and many cities face severe water shortages and
droughts [3, 4]. Since 1970, the United States, the United

Kingdom, and Australia have successively developed a
series of technologies to control urban runoft and intro-
duced a series of rainwater management plans and
guidelines [5-16].

Since October 2014, China has put forward the devel-
opment strategy of “sponge city” urbanization on the basis of
summarizing the concept of rainwater control in foreign
cities. A series of policies and technical guidelines were
issued.

At present, researchers are focusing on the effects of
surface runoff control on permeable pavement structures
(drainage pavements, semipermeable pavements, and per-
meable roads) [1-5].
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Zhu [1] used storm water management model (SWMM)
software to simulate the effects of different permeable
pavement structures under different rainfall conditions on
reducing surface runoff and controlling flood peaks. Guan
[2] simulated the variation of surface runoff and soil
moisture content in the subgrade of permeable roads. Xu
[17] studied the relationship between rainfall and runoff in
the area under four different underlying conditions by
distributed water stability model. Cai [18] used SWMM to
simulate the runoft and drainage condition under different
rainfall conditions in Guangzhou. Zhao [19] studied the
rainfall runoff model and runoff reduction of permeable
asphalt pavement. The results show that the thickness of the
pavement structural layer, the initial soil moisture content,
and the saturated moisture content have a greater influence
on the permeable function of the pavement.

However, it is not enough to study the comparative
effects of three permeable pavement structures on urban
rainwater surface runoff. The correlation between the base
layer thickness and surface runoft and the change of soil
moisture content in roadbed with time need to be studied
turther.

In order to study the influence of three types of per-
meable pavement structures on urban rainwater surface
runoff, four types of artificial rainfall intensity (2.5 mm/min,
3.4 mm/min, 4.6 mm/min, and 5.5 mm/min) will be used to
study five types of pavement structure section types used by
self-designed indoor simulated rainfall device. Furthermore,
the effect of base layer thickness on surface runoft, the re-
lationship between soil moisture content and time, and the
influence of initial soil moisture content on rainwater in-
filtration rate were analyzed.

The objective of this study is to provide more theoretical
basis for the application of permeable pavement structure
and theoretical support for the “sponge city.”

2. Road Conditions

Urban roads are generally composed of traffic lanes, bicycle
lanes, and sidewalks. These three types of roads have dif-
ferent requirements on traffic load and the distribution of
drainage facilities.

Traffic lanes are mainly bearing urban trafhic loads, while
structural mechanics index and durability should also meet
the requirements of traffic load except reducing the surface
runoff. Therefore, the drainage road is adopted.

The load of bicycle lanes is smaller than that of traffic
lanes, so semipermeable pavement is adopted. And the load
of sidewalks is the least, while permeable road is adopted.
The pavement lane distribution diagram is illustrated in
Figure 1.

3. Rainfall Design

Four types of rainfall intensities were obtained from the
average annual rainfall intensity in Huangdao District of
Qingdao City in Shandong Province in China in recent
years, which were 2.5 mm/min, 3.4 mm/min, 4.6 mm/min,
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and 5.5 mm/min, respectively, whose rainfall time was all
lasting for 120 min.

The relationship between cumulative rainfall and rainfall
duration is shown in Figure 2.

4. Pervious Pavement Structure

According to the technical specification of permeable asphalt
pavement (CJJ/T190-2012) [20], the structures of drainage
pavement, semipermeable pavement, and permeable pave-
ment were studied, respectively.

In the drainage pavement structure, large-void asphalt
mixture was only used for surface layer. Impervious asphalt
material or asphalt sealing coating was used on the base
layer, and rainwater was discharged from the surface of the
sealing layer without penetrating below the base layer. This
approach is generally applied to the roadway as shown in
Figure 3.

In the semipermeable pavement structure, the surface
layer adopted large-void asphalt mixture. The base layer
adopted permeable graded gravel, and the cushion layer
adopted medium sand. This kind of pavement structure is
generally applied to the bicycle lanes, as shown in Figure 4.

In the permeable roads structure, the surface layer
adopts large-void asphalt mixture. The base layer adopted
permeable graded gravel, and the cushion was generally
made of medium sand, while subgrade was made of sand
with better permeability. This kind of pavement structure
was generally applied to sidewalks as shown in Figure 5.

Polypropylene fiber can be used in cement-based ma-
terials to improve the toughness and anticracking perfor-
mance of the matrix composite [21-23]. But, polypropylene
fiber cannot bear high temperature, while basalt fiber not
only can improve the material’s bending resistance [24] but
also can bear high temperature in asphalt concrete. So, basalt
fiber is very suitable for use in large-void asphalt concrete.

As shown in Figures 3-5, the surface layer used a large-
void basalt fiber asphalt mixture, whose void ratio was
19.3%. Its permeability coefficient was 3.35x 10~ cm/s and
the transverse slope of the surface layer was 2%.

The base layer was made of graded crushed stone, whose
void ratio was 38%. In order to reduce the surface runoff of
the large-void asphalt pavement, the base layer thickness was
not less than 15cm.

The cushion layer used medium sand with a particle
size of 1.3mm, and its permeability coeflicient was
2.4x107% cm/s.

The soil foundation used sandy soil and the soil per-
meability coefficient after compaction was 1x 107> cm/s.

When the basalt fiber content was 0.3%, the indicators of
each road performance reach the optimum. The test results
are shown in Table 1.

5. Artificial Simulated Rainfall Experiment

5.1. Experimental Device. The artificial rainfall equipment
was composed of test chamber, storage bucket, pump, water
meter, and sprinkler.
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As shown in Figures 6(a) and 6(b), the length, width, and
height of the test chamber were 90 cm, 90 cm, and 100 cm,
respectively. The one side of the test chamber shall be in-
stalled with transparent glass to observe the wetting front,
and the box shall be paved with large-void asphalt pavement
structure layer (surface layer, base layer, cushion layer, and

Water directiol
Surface layer
¢—h-

Impervious layer

Base layer

Subgrade

FIGURE 4: Semipermeable pavement structure.

Water direIion
Surface layer

'

Cushion layer

'

Base layer

Subgrade

FIGURE 5: Permeable road structure.

subgrade). The other three sides of the box were provided
with a certain number of drainage holes in order to collect
surface runoff and the water discharged from the surface of
the impervious sealing coating. There were drainage holes at
the bottom of the box to collect the amount of rainwater
seepage from the roadbed.

The water in the bucket was sent to the sprinkler by
pump as shown in Figure 6(c). In order to simulate different
rainfall intensities, the tee at the outlet of the pump was
connected.

One pipe (Figure 6(c)-1) provided water and the other
pipe (Figure 6(c)-2) controlled the different rainfall intensity
by a valve in the water pipe.
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TasLE 1: The indicators of large-void basalt fiber asphalt mixture (fiber content was 0.3%).

The indicators of performance test Test results
High-temperature rutting experiment Dynamic stability (time-mm™") 4091
Freeze-thaw splitting test Splitting tensile strength (MPa) 0.60
Bending strength (MPa) 10.75
Low-temperature bending test (—10°C) Maximum bending strain (ue) 4957
Bending stiffness modulus (MPa) 2172
Uniaxial compression experiment Compressive strength (MPa) 4.50

~
=
I
=
&
(=)
@

(e)

FIGURE 6: Artificial rainfall experiment device, (a) test chamber, (b) the bottom of test chamber, (c) pump, (d) rainfall equipment, (e) impact
tamping, and (f) moisture tester.

Water meters were used to record the amount of water In order to monitor the occurrence and ending time of
passing through. The sprinklers were made of plastic, whose ~ surface runoft and surface runoff values under different
length, width, and height were 90 cm, 86.5cm, and 15cm,  rainfall intensities, a certain number of drainage holes were

respectively. dug at a position that was parallel to the surface layer to
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TasLE 2: Different pavement structure section types.

Number Sectional type of pavement structure

1 Dense asphalt mixture surface layer 5cm + base layer 30 cm + cushion layer 8 cm + subgrade 50 cm

2 Large-void asphalt mixture surface layer 5cm + base layer 30 cm + cushion layer 8 cm + subgrade 50 cm
3 Large-void asphalt mixture surface layer 5cm + base layer 25 cm + cushion layer 8 cm + subgrade 55 cm
4 Large-void asphalt mixture surface layer 5cm + base layer 20 cm + cushion layer 8 cm + subgrade 60 cm
5 Large-void asphalt mixture surface layer 5cm + base layer 15 cm + cushion layer 8 cm + subgrade 65 cm
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Soil moisture tester

FIGURE 7: Schematic diagram of moisture analyzer layout.

collect rainwater from the surface runoft. The drainage hole
diameter was 0.07 cm, who was dug at intervals of 3 cm. The
water in each drainage hole can be collected into the same
container through the surrounding sinks as shown in
Figure 6(d).

In order to monitor the starting time, ending time, and
seepage flow of different rainfall intensities, the water
penetrated to the bottom of the pavement structure was
collected in a collection container and determined by
measuring the amount of water in the container. The arti-
ficial rainfall experiment equipment and devices are shown
in Figure 6.

5.2. Experimental Process. The artificial simulated rainfall
experimental device was used to test 5 types of structural
section. The pavement structure is shown in Table 2.

In order to measure the change of soil water content
during and after rainfall, 4 soil moisture analyzers were
embedded in the soil to measure the soil water change at
different depths. The layout diagram is shown in Figures 7
and 8.

6. Analysis of Experimental Results

6.1. Drainage Pavement (Travel Lane). Artificial rainfall
experiments were performed on the 1 and 2 cross-section
types by using 4 types of rainfall intensity (2.5 mm/min,
3.4 mm/min, 4.6 mm/min, and 5.5 mm/min).

The expression of surface runoff coefficient is shown in
the following formula:

FIGURE 8: Moisture tester layout.

surface runoff

surface runoff coefficient = x 100%. (1)

total rainfall

The surface runoff and surface runoff coefficient are
shown in Table 3.

The structural section of types 1 and 2 is shown in Figure
9; as the rainfall intensity was 4.6 mm/min, the runoff of
rainwater lasted for 60 minutes.

As can be seen from Figure 10(a), when dense asphalt
mixture was used as the surface layer, almost all the rain-
water was discharged from the slope surface of the road
surface and formed surface runoff.

As can be seen from Figure 10(b), when the large-void
asphalt mixture was used as the surface layer, only a small
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TaBLE 3: Surface runoff coefficients at different rainfall intensities.
5.5mm (min) 4.6 mm (min) 3.4mm (min) 2.5mm (min)
Structural f; f; f: f:
. Surface Surface runoff Surface Surface runoff Surface Surface runoff Surface Surface runoff
section type runoff . runoff . runoff . runoff .
coefficient (%) coefficient (%) coefficient (%) coefficient (%)
(mm) (mm) (mm) (mm)
1 630 95.5 520 94.2 380 93.1 277 92.3
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Rainfall duration (min)
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FIGURE 9: Large-void asphalt pavement.

FIGURE 10: Rain intensity 4.6 mm/min (when the rainfall lasted 60 min). (a) Structural section type 1. (b) Structural section type 2.

part of the rain water was discharged from the slope surface
of the road surface and formed surface runoff.

Under the conditions of different rainfall intensity, the rela-
tionship between the surface runoft and the rainfall duration is
shown in Figures 9 and 11 about the structure section types 1 and 2.

As can be seen from Figure 11, the porosity of the dense
asphalt mixture was 4% and the surface was almost im-
permeable. When the rainfall lasted for 5 minutes, the

corresponding surface runoft was 5 mm, 9 mm, 16 mm, and
22 mm corresponding to the rainfall intensity with 2.5 mm/
min, 3.4 mm/min, 4.6 mm/min, and 5.5 mm/min. When the
rainfall lasted for 120 minutes, the corresponding surface
runoft was 277 mm, 380 mm, 520 mm, and 630 mm and the
corresponding surface runoft coefficients were 92.3%, 93.1%,
94.2%, and 95.5%. And the rainwater almost flowed into the
water tank.
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As can be seen from Figure 9, when the rainfall intensity
was 2.5mm/min and the rainfall lasted for 99 minutes,
surface runoff began to occur. When the rainfall lasts for 120
minutes, the surface runoff was 9 mm, and the rest of the
rainwater penetrated into the impermeable sealing coating
and flowed into the tank through the drainage hole.

When the rainfall intensity was 3.4 mm/min and the
rainfall lasted for 70 minutes, surface runoff began to be
generated. When the rainfall lasted for 120 minutes, the
surface runoftf was 50 mm.

When the rainfall intensity was 4.6 mm/min and the
rainfall lasted for 40 minutes, surface runoff began to be
generated. When the rainfall lasted for 120 minutes, the
surface runoftf was 160 mm.

When the rainfall intensity was 5.5mm/min and the
rainfall lasted for 20 minutes, surface runoff began to be
generated. When the rainfall lasted for 120 minutes, the
surface runoft was 240 mm.

The corresponding surface runoff coefficients of the four
rainfall intensities were 0.03, 0.12, 0.29, and 0.36. With the
increasing of rainfall intensity, the surface runoff coefficient
gradually increased, and the generation time of surface
runoft was also earlier.

The reason for this phenomenon can be analyzed by the
flow generation mechanism of large-void asphalt pavement
as shown by part 6 in this paper. The experiment shows that
the large-void asphalt pavement can greatly reduce the
surface runoft compared with dense asphalt pavement.

6.2. Semipermeable Road (Bicycle Lane). Four types of
thickness of 30 cm, 25 cm, 20 cm, and 15 cm (corresponding
to pavement structure section types 2, 3, 4, and 5) were used

to study the influence of the base layer thickness on surface
runoff.

According to the experimental data in Table 4, when the
rainfall intensity was 5.5 mm/min, the surface runoff coef-
ficients were 5%, 13%, 20%, and 26% corresponding to the
base layer thickness of 30cm, 25cm, 20 cm, and 15cm.
Therefore, as the increase of the base layer thickness, the
surface runoff can be effectively reduced.

The permeability of the cushion was relatively small so
that was used as the base layer. When the rainfall intensity
was relatively high, the rainwater that penetrated from the
surface layer of the large-void asphalt pavement cannot be
discharged in time, while the base can temporarily store
rainwater, so as to reduce the surface runoff.

The surface runoff was closely related to the thickness
and voids of the base.

When the rainfall intensity was 2.5 mm/min, no surface
runoft occurred on the 4 thickness pavement layers. So, the
surface runoft coefficient was greatly affected by the thick-
ness of water storage reservoir and rainfall intensity.

6.3. Permeable Road (Sidewalk). The variation of soil
moisture content with rainfall intensity in the soil foun-
dation and the effect of initial soil moisture content on
rainwater infiltration were studied by four types of rainfall
intensity of Section 2 pavement structure. The experimental
results are shown in Table 5.

The surface runoff was 30 mm, when the rainfall in-
tensity was 5.5 mm/min and the rainfall lasted for 120 min,
while the surface runoff was 5mm, when the rainfall in-
tensity was 4.6 mm/min and the rainfall lasted for 120 min.
The rainfall intensity was 3.4 mm/min and 2.5mm/min,
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TaBLE 5: Surface runoff coefficients at different rainfall intensities.

5.5mm (min) 4.6 mm (min)

3.4mm (min) 2.5mm (min)

Structural
. Surface Surface runoff Surface Surface runoff Surface Surface runoff Surface Surface runoff
section type runoff . runoff . runoff . runoff .
coeflicient (%) coefficient (%) coeflicient (%) coefficient (%)
(mm) (mm) (mm) (mm)
2 30 5 5 1 0 0 0 0

respectively; there is no surface runoff during 120 min
rainfall.

As the rainfall continued, the large-void asphalt pave-
ment structure tended to saturate and the rain began to
penetrate from the subgrade. So, the amount of rainwater
stored in the pavement was the difference between the
rainfall and the permeability amount of the soil. The rela-
tionship between storage under various rainfall intensities
and time is shown in Figure 12.

As can be seen from Figure 13, when the rainfall intensity
was 5.5 mm/min, the infiltration started after 42 minutes. All
the rainwater fallen was stored in the pavement structure
during 42 minutes. As rainfall continued, the rainwater
penetrated from the roadbed was less than the rainfall and
the rainwater storage capacity of the pavement structure.
The rainfall lasted more than 14 hours from start to the end
of the infiltration, and the infiltration rainfall was 535 mm.

When the rainfall intensity was 4.6 mm/min, the infil-
tration started from 54 min. As the rainfall continued, the
rainwater penetrated from the roadbed was less than the
rainfall and the rainwater storage capacity of the pavement
structure just like 5.5 mm/min. The rainfall lasted more than
14 hours from start to the end of the infiltration, and the
infiltration rainfall was 438 mm.

When the rainfall intensity was 3.4mm/min and
2.5 mm/min, the infiltration started from 67 minutes and 83
minutes, respectively. The rainfall lasted more than 14 hours
from start to the end of the infiltration, and the infiltration
rainfall was 294 mm and 190 mm, respectively.

With the decreasing of rainfall intensity, the infiltration
start time was delayed, and the soil infiltration became
slower. It can also be seen from Figure 13 that the final water
storage capacity of the pavement structure was the same
under different rainfall intensity, when the pavement
structure section type was the same.

As can be seen from Figure 13, the relationship between
infiltration start time and the intensity of rainfall is as follows:

y = L1x* - 21.7x + 130.2. (2)

Adjusted R-square=0.984, x is rainfall intensity, mm/
minute; y is infiltration start time, minute.

Within a certain rainfall intensity, the infiltration rate
increases with the increasing of rainfall intensity.

The soil moisture in the early stage was constant and the
amount of rainwater accumulated in a short period will
change with the rainfall intensity, so that the pressure on the
roadbed will be different, resulting in different rainwater
infiltration rates. With the increase of rainfall, the speed of
rainwater infiltration in the subgrade also increased and the
infiltration start time was earlier.

T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900
Time (min)

—A— 3.4mm/min

—¥— 2.5mm/min

—a— 5.5mm/min
—e— 4.6mm/min

FIGURE 12: Relationship of storage under different rainfall inten-
sities and time.
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FIGURE 13: Relationship between rainfall intensity and infiltration
start time.

6.4. The Analysis of Changes in Soil Moisture Content.
Soil infiltration played an important role in the water cycle,
which had great significance to the water resources, agricultural
irrigations, and hydrological environment. Soil water infiltration
was a dynamic process of water distributed in soil, so the change
of soil water will affect the soil infiltration process [25-30].

6.4.1. During the Artificial Raining. According to Yanbin
Guan’s research on soil surface laminar flow [2], it was easy
to meet the conditions for surface laminar flow formation,
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when the soil texture had obvious stratification. Rainwater
penetrated into the surface layer of the ground and flowed
into the lower flow channel after flowing transversely, whose
velocity was slower than surface runoff. And the seepage law
of the large-void asphalt pavement structure was similar to
the above. The relationship between the soil water content in
each layer and time under a rainfall intensity of 5.5 mm/min
is illustrated in Figure 14.

As can be seen from Figure 14, the soil water content of
the depth of 10 cm, 20 cm, 30 cm, and 40 cm was 5.2%, 4.6%,
5%, and 5.6%, respectively, at the initial time. When the
rainfall lasted 10 minutes, the soil water content was 20%,
7.5%, 5.2%, and 5.7%, respectively, which indicated that a
small amount of rain began to penetrate into the soil to
depth 10 cm. However, the soil water content did not reach a
saturated state at 10 minutes.

As the rainfall continued, the rainwater penetrated
further downward. After 40 minutes, the soil water content
of the depth of 10 cm, 20 cm, 30 cm, and 40 cm was 32.6%,
32.2%, 29.5%, and 28.1%, respectively. From the experi-
mental data in Figure 14, the soil water content of the entire
roadbed tended to saturate, and the soil layer entered the
stage of stable infiltration.

6.4.2. As the Artificial Raining Ended. When the rainwater
stopped and the ground water was exhausted due to
evaporation or infiltration, the water in the subgrade soil still
needed to penetrate downward for a long time. During the
infiltration process, water was redistributed in the soil
profile. The soil layer saturated cannot retain all the water, so
part of the water continued to move to the deeper soil layer
due to suction gradient and gravity of the soil water [31-34].

As can be seen from Figure 15, the soil water content
began to decrease slowly with the time increasing at the
10 cm soil depth.

The soil water content decreased greatly within 1-2 days
and the decrease ratio reached 39.9% after ending artificial
rainfall.

Similarly, the soil water content at the 200 mm, 300 mm,
and 40 cm soil depth decreased sequentially with time and
the soil water content gradually tended to stabilize. In ad-
dition, the downward movement speed of the wet front was
smaller found through the plexiglass side. The first reason is
that the suction gradient between the two soil layers was
correspondingly reduced, when the water of the moist soil
layer was reduced and the water of the dry soil layer was
increased. The second reason is that the dynamic process of
soil moisture after infiltration became very complicated due
to the existence of surface flow of large-void asphalt
pavement.

6.4.3. Effect of Initial Water Content on Infiltration. The
different initial water content of the soil will affect the in-
filtration of rain water and the runoff process [35-39]. So,
four different initial soil moisture contents (5.3%, 9.1%,
12.8%, and 16.1%) were used to study the influence law with
the same rainfall intensity of 5.5 mm/min. The test results are
shown in Figure 16.
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Ficure 15: Relationship between soil water content and time at
different soil depths.

As can be seen from Figure 16, the initial infiltration rate
was the largest and soil saturation needs the longest rainfall
duration, when the initial water content of the soil was 5.3%.
Mainly because the initial water content was low, the larger
the magnitude of the matrix potential gradient, the larger the
average suction force of the infiltration front. As the initial
water content increased, the initial infiltration rate became
smaller and the infiltration rate became shorter.

Combined with this experiment, when the initial soil
moisture content was low, the soil moisture migration can be
divided into two stages.

The first was the increasing stage of water content. After
the wetting front moved to the layer, it was affected by
gravity potential energy and matrix potential energy. The
water content of the upper soil increased rapidly, but the
water content did not reach saturation, and the soil moisture
increased continuously.
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Figure 16: Effect of initial water content at 200 mm depth on
infiltration.

The second stage was the stable stage of water content.
When the soil moisture was close to saturation, the soil layer
began stable infiltration, and the water flux of the soil layer
became stable.

This is similar to Bodman’s research on the initial water
content of nonpermeable brick pavement soil [1].

7. Conclusions

The influence of several different pavement structures such
as drainage pavements, semipermeable pavements, and
permeable roads on surface runoff reduction was conducted.
Secondly, the relationship between soil water content and
rainfall duration was analyzed. Finally, the effect of initial
water content on rainwater infiltration rates under different
rainfall conditions was studied. The artificial rainfall device
designed by authors was used to simulate rain on five types
of pavement structures with 4 types of rainfall intensity. The
conclusions are as follows:

(1) In the drainage pavement, the surface runoff coef-
ficient of the dense asphalt pavement was more than
90%, while the large-void asphalt pavement was less
than 40% under different rainfall intensities, which
means that the large-void asphalt pavement can
effectively reduce the surface runoft.

(2) In semipermeable roads and permeable roads, the
surface runoft coefficient at each rainfall intensity
decreased with increase of the base layer thickness,
mainly because the permeability of the cushion and
soil foundation was relatively weak and the base layer
stored some water and delayed the generation of
surface runoft, when the rainfall lasted for a long
time or the rainfall intensity was heavy.

(3) With the increase of rainfall intensity, the surface
runoff coefficients of the three pavement structures
increased and the surface runoff occurred earlier.

11

The sequence of the surface runoft generated in the
three road structures was drainage road, semiper-
meable road, and permeable road.

(4) In the permeable road, the soil water content quickly
reached a saturated state and a stable infiltration
situation with the time increasing under the action of
water gravity and the gradient of soil water suction.
As the initial water content of the soil increased, the
time of infiltration began to lag, and the amount of
infiltration gradually decreased within 120 minutes
of rainfall.

Groundwater level position, antifreezing layer, and
traffic load condition will also affect the infiltration and
drainage law of permeable pavement. In order to optimize
the overall permeable performance of road surface, these
factors need to be further studied in the future.
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Given the excellent crack resistance performance of steel fiber-reinforced self-stressing concrete (SFRSSC), the bending per-
formance of some composite beams with SFRSSC laminated layers was studied. The experiment conducted in this study
comprised a single-span composite beam test (including 3 test beams) and a two-span continuous composite beam test (including
2 test beams). All the test beams were T-shaped. The cracking load, yielding load, and ultimate load of all the test beams were
recorded and comparatively analyzed. Experimental results showed that the cracking load of the test beam with an SFRSSC
laminated layer is significantly increased. Mechanical analysis and numerical simulation of the test beams were conducted, and the
obtained results agreed well with the experimental results. The composite beams under different working conditions were also
numerically simulated. Through the simulation, reasonable ranges of precompressive stress and length of the SFRSSC laminated

layer at intermediate support of continuous composite beam were obtained.

1. Introduction

Asan important part of a bridge, a bridge deck pavement can
protect road plates from direct wheel abrasion and the main
girder from erosion by rain and other harmful substances.
Furthermore, vehicle load is dispersed by deck pavement.
Cement concrete and asphalt concrete are widely used for
deck pavement, and these concrete types can meet the
standard requirement [1]. When the deck pavement cracks,
the main girders of the bridge will be exposed to the natural
environment, affecting the normal service and durability of
the bridge structure [2-5]. Thus, experts from China and
other countries have conducted various studies on bridge
deck pavement in recent years. Ultra-high-performance fi-
ber-reinforced concrete (UHPFRC) [6-20], microexpansion
polypropylene fiber concrete [21], ECC [22, 23], steel fiber
polymer concrete [24-26], and other special materials have
been introduced and studied for bridge deck pavement.
During the hardening process of steel fiber-reinforced
self-stressing concrete (SFRSSC), the expansion of self-
stressing concrete is limited by steel, steel fibers, and other
constraint surfaces. A certain chemical precompressive

stress generated in the concrete enhances the crack resis-
tance of concrete. The concrete in the support area of the
continuous concrete bridge easily cracks because of the
negative moment. Given the excellent crack resistance
performance of SFRSSC, the bending performance of some
composite beams, which have SFRSSC laminated layers, was
investigated in this study. The experiment included a single-
span composite beam test and a two-span continuous
composite beam test. All of the test beams were T-shaped.
Furthermore, properties of the composite beams under
different conditions were studied by numerical simulation.
Different self-stress values and lengths of SFRSSC laminated
layer were taken into account. The conclusion could provide
a reference for the design of SFRSSC deck pavement.

2. Materials and Properties

2.1. Materials. Two kinds of cement are used in the ex-
periment, Portland cement P.O. 32.5R for ordinary concrete
(C) and steel fiber reinforced concrete (SFRC) and sulfur
aluminate cement 4.0 for SFRSSC. The aggregate was
composed of limestone with particle diameters ranging from
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5mm to 20mm and high-quality river sand. The grading
curves of the stone and sand are showed in Figures 1 and 2,
respectively. The type of steel fiber used in the experiment
was HE 0.75/35. The properties of the steel fiber are shown in
Table 1. The yield strength of the reinforcement used in the
test was 335 MPa, and the yield strength of the stirrup was
300 MPa. The tensile strength, ultimate elongation, and yield
strength of reinforcement with different diameters were
measured by a material mechanics test. Six specimens were
tested for each kind of reinforcement, and the results are
shown in Table 2. All concrete specimens in the experiment
were prepared with tap water. Sika ViscoCrete 3301 water-
reducing agent was used in the experimental specimens to
increase the workability of concrete.

2.2. Properties of Concrete. Three kinds of concrete were
used in experiment, including ordinary concrete, SFRC, and
SFRSSC. The mixture ratios for these three kinds of concrete
are shown in Table 3. Cubic compressive strength (f.,), axial
compressive strength (f.), elastic modulus (E,), and splitting
tensile strength (f,;) were measured for each kind of con-
crete. Six specimens were prepared to test every property of
each kind of concrete. Table 4 shows the test results.

3. Experimental Investigation

3.1. Test Setup. 'The test includes two parts. The first part is
the single-span composite T-shaped beam test. Three test
beams were fabricated to simulate the force condition of the
bridge structure with SFRSSC as deck pavement. The deck
pavement of three test beams used ordinary concrete, SFRC,
or SFRSSC. In the first part, the influence of the SFRSSC
deck pavement on the crack resistance and flexural prop-
erties of the test beams is mainly investigated. The second
part is a two-span continuous composite T-shaped beam
test. This part includes two test beams, separately decked
with ordinary concrete and SFRSSC. In this part, the bridge
structure with SFRSSC deck pavement is simulated, and its
working performance is investigated. The details of test
beams are presented in Figures 3-7.

3.2. Specimen Preparation. The basic T-shaped beams were
cast with ready-mix concrete after finishing the mesh re-
inforcement (Figure 7). The specimens were left at room
temperature and covered with wet straw matting for 28 days.
Subsequently, the concrete laminated layer was poured after
a chiseled concrete surface was attained (Figures 8 and 9).
The beams were aged for another 28 days (Figure 10). The
details of the test beams are presented in Tables 5 and 6.

3.3. Test Program. For the single-span composite T-shaped
beam test, beams were loaded with two concentrated loads
(four-point bending scheme) which applied 1000 mm from
the support (Figure 4). For the two-span continuous
composite T-shaped beam test, beams were loaded with
concentrated loads applied in the middle of every span. All
the test loads were applied once. The experimental data
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FiGure 2: Grading curve of stone.

recorded during the test were as follows: cracking load,
cracking deflection, ultimate bearing capacity, the strains of
some special sections, deflection, crack width, and the rel-
ative slip between the laminated layer and the basic T-shaped
beams. The instruments used in the experiment and their
locations are shown in Figures 4, 7, 10, and 11.

4. Test Results
4.1. Single-Span Composite T-Shaped Beam Test Results

4.1.1. Crack Development. All experimental beams suffered
flexural failure. The concrete in the compressive area was
crushed as the test beams failed (Figure 12). The tests showed
that beam CCB-1 cracked first, followed by SCB-1 and ZCB-
1. As shown in Figure 13, the crack in CCB-1 developed
faster than those in SCB-1 and ZCB-1 initially. However,
when the test load reached 60 kN-m, the crack growth rate in
SCB-1 suddenly accelerated, and the crack width
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TaBLE 1: Properties of steel fiber.

Length (mm)

Equivalent diameter (mm)

Tensile strength (MPa) Ultimate elongation (%)

Elastic modulus (GPa)

35

0.7

600

12

200

TaBLE 2: Properties of reinforcement.

Diameter (mm) Elastic modulus (GPa) Yield strength (MPa) Tensile strength (MPa) Ultimate elongation (%)
6.5 210 486.6 734.3 30
8 210 306.5 444.9 31.6
18 200 349.9 521.0 24.2
20 200 377.4 571.1 24.5

TaBLE 3: Mixture ratios of different kinds of concrete (kg/m3).
Concrete Water Cement Sand Stone Sika3301 Steel fiber
C 193 350 645.7 1133 6.50 0
SFRC 172 541 765 974 5.41 25.6
SFRSSC 250 550 609 913 8.25 23.3

TaBLE 4: Mechanical prosperities of concrete.

Concrete feu (MPa) fo (MPa) E. (GPa) frs (MPa)
C 48.7 45.2 33.5 3.5
SFRC 60.5 55.9 36.0 5.1
SFRSSC 59.9 52.0 334 5.2
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FIGURE 3: Reinforcement of single-span composite T-shaped beams.
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FIGURE 4: Details of single-span composite T-shaped beam test setup.

approached that in CCB-1. As the test beams started to yield,  respectively. The development of the crack height in each of
the crack width of CCB-1 reached 0.6 mm, whereas the crack  the three test beams is shown in Figure 14. As shown in
widths of SCB-1 and ZCB-1 were only 0.4 mm and 0.2 mm,  Figure 14, the crack heights of the test beams developed at
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FIGUure 9: Chiseled basic T-shaped beams.

F1GUre 10: Single-span composite T-shaped beam.

TaBLE 5: Details of single-span beams.

Beam Concrete of laminated layer Stirrup ratio (%) Reinforcement ratio (%)
CCB-1 Ordinary concrete 0.24 4.86
SCB-1 SFRC 0.24 4.86
ZCB-1 SFRSSC 0.24 4.86
TABLE 6: Details of two-span continuous beams.
Beam Concrete of laminated layer Stirrup ratio (%) Reinforcement ratio (%)
CCB-2 Ordinary concrete 0.24 0.97
ZCB-2 SFRSSC 0.24 0.97

the same speed, rapidly reaching 100 mm at the beginning.
After a short plateau phase, the crack heights of CCB-1 and
SCB-1 reached 200 mm within a short time. Compared with
CCB-1 and SCB-1, ZCB-1 demonstrated a slow crack height
development. Finally, before the test beams failed, the cracks
in the test beams CCB-1, SCB-1, and ZCB-1 reached similar
heights of 247 mm, 226 mm, and 238 mm, respectively.
When the test beams cracked, the transverse crack widths
were minimal and insufficient to pull out the steel fiber. The
steel fibers together with the steel bars partially bore the
tension; thus, the crack development was impeded. For ZCB-1,

aside from the steel fibers, the prepressing stress generated by
the self-stressing concrete could also hinder crack develop-
ment. At the beginning of the test, the prepressing stress offset
the tensile stress caused by the test load. Thus, the cracking
stage of the test beam was postponed; as a result, the cracking
load of the composite beam was improved. This crack delay
phenomenon is clearly shown in Figures 13 and 14.

4.1.2. Load-Displacement Curve Analysis. The load-dis-
placement curves of the test beams are shown in Figure 15.
According to Figure 15, every load-displacement curve of
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Figure 12: Cracked test beam SCB-1.
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FiGure 13: Development of crack width.
the three test beams consists of three phases: elastic,  significantly improved the cracking loads of the com-

yielding, and destruction. The cracking load, yielding  posite beams. Compared with the cracking load of test
load, and ultimate load of every test beam were derived =~ beam CCB-1, the cracking load of SCB-1 increased by

from Figure 15 and the test records and are shown in  16.83%, and the cracking load of ZCB-1 increased by
Table 7. As shown in Table 7, the SFRSSC laminated layer =~ 50.48%.



Advances in Civil Engineering

250 4
200 ~
150

100

Crack height (mm)

50 A

-10 0 10 20 30 40 50 60 70 80 90 100
Load (kN-m)

—a— CCB-1
—e— SCB-1
—a— ZCB-1

FIGURE 14: Development of crack height.

120 -
100
80

60

Load (kN)

40 1

20

T T T T T T T T

0 20 40 60 80 100 120 140
Midspan deflection (mm)

—— CCB-1

—— SCB-1

—— ZCB-1

FIGURE 15: Load-displacement curves of the single-span composite T-shaped beams.

TaBLE 7: Cracking load, yielding load, and ultimate load of test beams.

Test beams Cracking load (kN) Yielding load (kN) Ultimate load (kN)
CCB-1 23.77 78.05 86.60
SCB-1 27.77 90.45 104.10
ZCB-1 35.77 93.63 105.71
4.2. Two-Span Continuous Composite T-Shaped Beam Test displacement curves of the test beams are presented in

Figure 17. The cracking load, yielding loads at the midspan

4.2.1. Load-Displacement Curve Analysis. Two test beams  and middle support, and ultimate deflection are presented in
were loaded to simulate the flexural properties of the con- Table 8.

tinuous bridge structure with SFRSSC deck pavement and The results showed that the cracking load and yielding

investigate its flexural properties. During the test, flexural 15,34 of ZCB-2 were 120% and 14.05% higher than those of
failure occurred in all test beams (Figure 16). The load- CCB-2, respectively. The SFRSSC laminated layer
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FIGURE 16: Two-span continuous composite T-shaped beams at failure.
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FiGURE 17: Load-displacement curves of the two-span beams.
TaBLE 8: Test results of the two-span continuous composite T-shaped beams.
Test Cracking load Yielding load at the middle support Yielding load at the midspan Ultimate deflection
beam (kN-m) (kN-m) (kN-m) (mm)
CCB-2 13.05 85.41 90.81 53.52
ZCB-2 28.84 97.41 92.21 81.96

significantly improved the crack resistance of the contin-
uous T-shaped composite beams. Under the vertical load
located in the adjacent span, a considerable negative
moment occurred in the cross section at the intermediate
support, mainly causing the cracking in the bridge. The
SFRSSC used in the test exhibited good performance in
terms of crack resistance because of the presence of its own
self-chemical stress. Before the test even started, a certain
precompressive stress generated by SFRSSC already existed
in the laminated layer of ZCB-2. This precompressive stress
postponed concrete cracking at the middle support when
loading was initiated. Thus, the SFRSSC laminated layer
enhanced the crack resistance of the test beams. After
concrete cracking, the presence of steel fibers impeded the
crack development in concrete, resulting in a slight im-
provement in the yielding load. However, the use of steel
fibers is not a decisive factor on yielding load, whose in-
crease is not significant.

For the cross section at the midspan, the SFRSSC
laminated layer has minimal influence on the yielding load,

as shown in Table 8. However, with regard to deformation,
the ultimate deflection in beam ZCB-2 was 53.1% higher
than that in beam CCB-2 when the test beams failed. During
the experiment, the deflection in the test beams was
recorded. As shown in Figure 17, in the initial stage, the
deflection in ZCB-2 was significantly less than that in CCB-
2. As the test load increased, the deflection gap between the
two test beams was decreasing. At the beginning of ex-
periment, the precompressive stress generated by SFRSSC
delayed the cracking of concrete beams; thus, the stiffness of
the test beams improved. Therefore, the deflection in ZCB-2
was less than that in CCB-2 under the same load. After the
concrete around the intermediate support cracked, the
precompressive stress inside the SFRSSC was released.
Cracks gradually fully developed. The deflection gap between
ZCB-2 and CCB-2 was decreasing with the dissipation of the
precompressive stress. After the test beams entered the yield
stage, the steel fibers in ZCB-2 enhanced its stiffness,
resulting in its ultimate deflection to be significantly higher
than that in CCB-2, as shown in Figure 17.
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4.2.2. Crack Development. The crack development in each of
the two test beams was observed during the test program.
Figures 18-20 describe the crack width development and
crack height development with respect to the test load.
Figures 21 and 22 show the distributions of cracks in beams
ZCB-2 and CCB-2, respectively. The development trends of
the cracks around the middle support of the two-span
continuous composite T-shaped beams are similar to those
of the single-span composite T-shaped beams. The pre-
compressive stress generated by SFRSSC delayed the crack in
the concrete around the middle support. Thus, the width and
the height developments of the crack in beam ZCB-2 lagged
behind those in beam CCB-2. As the test load increased and
the maximum precompressive stress dissipated, the crack
widths and crack heights of the two test beams converged.

5. Theoretical Analysis

With the numerical simulation results and experimental results

as reference, a theoretical analysis was conducted to calculate the

cracking load of the single-span composite T-shaped beams.
The basic assumptions are as follows:

(1) The deformation of the composite beams is aligned
with the plane section assumption.

(2) No relative slip exists between steel and concrete.

(3) The constitutive relations for steel and concrete are
known.

(4) No relative slip exists between the laminated layer
and basic concrete beam.

(5) The deformation of each of the composite beams
meets the minimal deformation assumption.

According to the basic assumptions, cross-sectional
strains of the single-span composite T-shaped beams are
continuous when subjected to bending, as shown in Fig-
ure 23. Owing to the precompressive stress in the SFRSSC
laminated layer, the stress broke down in the composition
plane (Figure 23). Therefore, the sectional corner (¢) is

_ Ozt 0y

h—x 1)

Two equilibrium relations are apparent in the cross
section of the test beams including

h-x-hs-h, h-x-h,
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+ be(o—-0y)dy +0,A,, 2
Jhxhp f (0 00) Y T 04 (2)

x h-x—hs-h,
M= J boydy + a.Al(x —al) + J boydy
0 0
h-x-h,,
+ boyd
Jh—x—hf—hP fOr )
h-x
+J \ bp(0-0y)ydy +aA (h-x—a,).

h—x—h,,

The constitutive relation for concrete [27] is
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The constitutive relation for steel is
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According to our previous studies [28-30], the pre-
compressive stress of SFRSSC can been calculated by

P —ap lf
0,=0,+0,r=——ECe ™" +0.368q,p~fy, (6)
z0 f 1-— P t fdf tk

where p is the reinforcement ratio of the SFRSSC laminated
layer, & and C are the parameters of SFRSSC, o,, is the
precompressive stress caused by the limitation of steel, and
0., f is the precompressive stress caused by the limitation of
steel fibers.

By substituting the parameters obtained from experi-
ment into formula (6), the precompressive stress of SFRSSC
used in this test is

0,y = 2.17 MPa. (7)

With the solutions to (2)-(5), the theoretical crack
moment of beam ZCB-1 can be derived as

Mg | = 35.95kN - m. (8)

The following theoretical crack moments of CCB-1 and
SCB -1 are derived by the same method:

Mcep.; = 16.8kN - m,

(9)
Mgcp ;= 27.3kN - m.

6. Numerical Simulation

6.1. Modeling. In this paper, a numerical simulation was
performed with the software ANSYS. The numerical sim-
ulation analyses were performed for both the single-span
composite T-shaped beams and the two-span continuous
composite T-shaped beams. Furthermore, two additional
variables were considered, namely, the precompressive stress
and the length of the SFRSSC laminated layer.

The Solid65 element can be used in a 3D solid model
with or without reinforcement. It was used in this study to
simulate the concrete because of its capability to handle the
nonlinearity of materials. The space bar element Link8 was
used to simulate the reinforcement, which could withstand
moments. In the nonlinear analysis, an integral model was
used for the basic concrete beam, whereas a separate model
was used for the concrete in the laminated layer. In all
simulation beams, the bonding between concrete and steel
was good, exhibiting the absence of a slip. For the model, the
constitutive relation for concrete proposed by Hognestad
and expressed in (4) was used, and five stress-strain
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FIGURE 23: Stress and strain distributions of the single-span composite T-shaped beam.

relationship data were selected to define the curve simulated
by the MISO model. Reinforcement is generally an elongated
member. If the transverse shear force is disregarded, a
complex stress situation will not exist. Accordingly, in this
study, the constitutive relation for steel could be simulated
with a bilinear isotropic hardening model (BISO). The
models of the test beams are shown in Figure 24.

The thermal expansion coefficient of concrete was set to
y.=1.0x107" (°C), and the initial temperature was 25°C. The
precompressive stress of SFRSSC was simulated by changing
the temperature of concrete. The loads applied in the ex-
periment were uniformly distributed surface loads. The force
convergence criterion was used, and the convergence error
was 5%.

6.2. Single-Span Composite T-Shaped Beam Simulation.
The load-displacement curves of the test beams were pre-
sented in Figure 25. The simulated failure processes of the
three test beams were similar to those in the experimental
test described in Section 4.1. The curves presented three
phases: elastic phase before cracking, elastic phase after
cracking, and the yield phase. The simulated deflection
values were less than the experimental values because the
bond slip between steel and concrete was not considered in
the simulation analysis. However, it had no influence on the
characteristic load values. The stress history of the middle
node on the bottom surface of the test beams is shown in
Figure 26. The curves indicate that stress at this point in-
creased with an increase in the test load. When the test load
reached the cracking load, the stress decreased rapidly to
zero, and the concrete at this point cracked. The test load at

this moment was the cracking load, which corresponds with
the load where the slope initially changed in the load-dis-
placement curves. The simulation results for cracking loads
are shown in Table 9. The theoretical cracking loads are in
good agreement with the experimental results and simula-
tion results.

6.3. Different Precompressive Stresses. In the experimental
test, the effects of the different precompressive stresses of
SFRSSC were not considered; thus, the flexural performance
of the test beams for different precompressive stress was
simulated and analyzed. Given that the precompressive
stress of SFRSSC is simulated by changing the temperature
of concrete in this part, the considered variable temperatures
were 25°C, 27°C, 29°C, 31°C, 33°C, 35°C, 37°C, and 39°C. The
time history plot is shown in Figure 27, and the stress
nephogram is shown in Figure 28. The load-displacement
curves obtained are presented in Figure 29. The cracking
load of each beam can be determined from Figure 29, and
the influence of the variation in precompressive stress on the
cracking load is shown in Figure 30.

Figure 30 shows that the cracking load of the test beams
could infinitely increase with increases in the pre-
compressive stress of SFRSSC. When the precompressive
stress values ranged within 1.5-2.5 MPa, the cracking load of
the composite beams was the highest; thereafter, the
cracking load exhibited a decreasing trend. This result is due
to the cracking load of SFRSSC being limited by the steel and
the top surface of the basic beam. With the generation of the
precompressive stress in SFRSSC, a certain tensile stress
appears in the concrete around the top surface of the basic
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TaBLE 9: Cracking loads of the single-span composite T-shaped beams (kN-m).
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FiGure 30: Relationship between cracking load and temperature.
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FIGURE 32: Stress history of the middle node on the top surface of the middle support.
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TaBLE 10:

15

Cracking loads of the two-span continuous composite T-shaped beams.
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F1GURE 34: Load-displacement curves for different lengths of the SFRSSC laminated layer.

beam and increases as the precompressive stress increases.
In the experiment, when the precompressive stress reached
2.5 MPa, the concrete around the top surface of the basic
beam cracked earlier than the laminated layer, causing the
reduction in the cracking load.

6.4. Two-Span Continuous Composite T-Shaped Beam
Simulation. The properties of materials adopted in the
simulation for the two-span continuous composite T-shaped
beams are the same as those described in Table 8. The test
beams’ load-displacement curves obtained by simulation are
displayed in Figure 31. Figure 32 shows the load-stress
curves of the node on the top surface of the middle support.
A certain precompressive stress evidently existed in the

laminated layer of ZCB-2 before loading. The pre-
compressive stress significantly enhanced the crack resis-
tance of ZCB-2. The cracking loads are summarized in
Table 10. Clearly, the theoretical results and the experimental
results are in good agreement with the simulation results.

6.5. Influence of the Length of SFRSSC Laminated Layer on
Flexural Behavior. For the two-span continuous composite
T-shaped beams, the negative moment only existed at the
middle support. Thus, in this study, a simulation analysis for
condition II, that is, the SFRSSC was placed only in the
middle support area, as shown Figure 33, was conducted. In
the simulation, SFRSSC was placed around the middle
support, with the support as the center. Normal concrete was
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TaBLE 11: Cracking loads and precompressive stresses.

L (m) 0 1 2 3 6
M, (kN-m) 2374 2576 2779  28.87 2981
0,0 (MPa) 0 -1.84  -222  -253  -2.92

poured into the remainder of the laminated layer. The
lengths of SFRSSC were 1, 2, 3, and 6 m.

The test beams’ load-displacement curves obtained by
simulation are displayed in Figure 34. Figure 35 shows the
load-stress curves of the node on the top surface of the
middle support. The cracking loads (M) and pre-
compressive stresses (0,0) on the top surface of the beams
were recorded and are summarized in Table 11. Figure 34
shows that the length of the SFRSSC laminated layer had
minimal influences on the yield strengths and ultimate
strengths of the test beams. Table 11 shows that the pre-
compressive stress and cracking load decreased with a de-
crease in the length of the SFRSSC laminated layer. However,
the cracking loads of the test beams were similar when the
length of the SFRSSC laminated layer was 6, 3, or 2m.
Considering the material consumption and cracking resis-
tance, the reasonable length of the SFRSSC laminated layer,
as indicated by L in Figure 33, is 1/3 to 1/2 of the beam span.

7. Conclusions

(1) SERSSC significantly improves the cracking load of
two-span continuous composite T-shaped beams.
Although the height of the laminated layer is only
14% of the height of the test beam, it allowed for the
2.2-fold increase in the cracking load in the negative
moment area.

(2) A calculation method for the cracking load of the
concrete composite beams with a SFRSSC laminated
layer is established. The calculation or theoretical

results are in good agreement with the experimental
results.

(3) For the single-span composite T-shaped beams, the
cracking load is desirable when the precompressive
stress of SFRSSC ranges within 1.5-2.5 MPa.

(4) For the two-span continuous T-shaped composite
beams, the reasonable length of the SFRSSC lami-
nated layer is 1/3-1/2 of the beam span.

(5) The SFRSSC laminated layer has minimal influences
on yielding load and ultimate load.
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