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Abstract: To mitigate potential damage to RC structures subjected to impact load—especially spalling
damage—engineered cementitious composite (ECC) is applied, with the aim of reinforcing the RC
members, so as to improve their impact performance. In the present study, the response of beams,
with and without ECC reinforcement, to impact loading was investigated. Firstly, the mechanical
properties of the ECC were characterized by quasi-static compression and tension tests, as well as
by dynamic direct tension tests. Then, the K&C model (Karagozian and Case Concrete Model) was
employed to delineate the ECC behavior, whose parameters were calibrated using the test data.
Subsequently, models of RC beams with and without ECC reinforcement, validated using the drop
weight test, were established to investigate the impact response. The numerical results suggested
that the performance of the impact resistance of the ECC-reinforced RC beams was significantly
improved. The damage degree of the ECC-reinforced members was effectively reduced, the degree
of deformation was effectively controlled, and the energy consumption capacity was significantly
increased while the impact load and transferred load increased. In particular, the method of multiple
separate layers as reinforcement, proposed in this study, was found to reduce effectively the response
and damage extent, improve the energy dissipation, and control the impact load and transferred load
within certain levels. In addition, the multiple separate ECC layers effectively prevented the crack
propagation caused by the cracking of the member, ensured the residual integrity of the member, and
further improved the performance of the impact resistance of the member comprehensively.
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1. Introduction

Due to the increasing number of vehicles and their improper operation by humans,
accidental vehicle crashes have occurred frequently in recent years [1,2], which has led to a
serious threat to critical infrastructure and architectural structures, especially reinforced
concrete (RC) structures [3,4]. RC structures experience severe spalling damage and reduced
structural integrity under impact loading due to the brittle properties of the concrete, which
in turn increases the risk of structural collapse [5,6]; therefore, structural protection of
important reinforced concrete structures against impact load has attracted increasing
attention in recent decades.

To improve the impact resistance of RC structures [7-9], effective methods include
increasing the size of the structural members, increasing the reinforcement ratio, and
increasing the concrete strength [10-13]. For instance, increasing the member size and
reinforcement ratio can effectively improve the impact performance. In addition, the
capacity of shear resistance and energy absorption of reinforced concrete members is
improved by applying pre-stress to the steel bars in the concrete members [14,15]. However,
although the strength and stiffness of RC members is improved by increasing the member
size, material properties, and reinforcement ratio, the disadvantages of these methods
include their being expensive, labor-intensive, and time-consuming. In fact, most existing
structures were not designed for protection against impact loads; thus, strengthening
existing RC structures has become a necessity for important RC structures [16-18].
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Impact performance is mitigated with a reduced spalling degree by confining the RC
members. Typically, fiber-reinforced polymer (FRP) and polyurea (PU) with high tensile
strength and ductility are applied to RC members as reinforcement [19-22], and their
protective effect has been investigated. Specifically, increasing the thickness of the FRP
layer could significantly improve the impact resistance of the RC members to alleviate
the degree of local damage. However, the durability of the polymeric reinforcement FRP
and PU has not been favorable to date [23]. In addition, the interface may suffer failure
under strong dynamic tension and shear [24,25]. To this end, to reduce the spalling damage
of blast-loaded RC members, using fiber-reinforced concrete (FRC) is another promising
option [26,27].

The performance of FRC has been improved by adding various fibers to the cementi-
tious material, such as steel fibers [28,29], basalt fibers [30,31], and PE or PVA fibers [32,33].
The two main categories of FRC are ultra-high-performance concrete (UHPC), which has
ultra-high compressive strength, and engineered cementitious composite (ECC), which
has high ductility. As a reinforcement material for RC members, ECC exhibits higher
compatibility, ductility, and durability. In addition, the short-cut flexible fibers were added
to cement mortar to make ECC with metal-like ductility and toughness [34,35].

Engineered cementitious composite (ECC), initially proposed by Li et al. [36], has
attracted more attention in the field of civil engineering. The mechanical properties of
ECC were extensively investigated in terms of fiber type, volume fraction, and geometry,
and meaningful results were obtained. The ultimate tensile strength and tensile strain
capacity were effectively improved by up to 20 MPa and 8.7%, respectively, by adding
2% polyethylene fibers [37]. Furthermore, the uniaxial tension test, compression test,
and flexural test suggested that the size effect of the ECC was not significant within the
concerned range of specimen dimension [38]. The performances of ECC members were
also extensively and intensively investigated. The damaged RC beams were strengthened
using ECC with a compressive strength of 130 MPa, and the results showed that the
original load-bearing capacity of the beams could be restored after repair [39]. The shear
and flexural properties of the concrete beams were enhanced by applying ECC, and it
was found that the ultimate flexural and shear strengths of the strengthened RC beams
were increased by about 20% and 60%, respectively [40]. In addition, pre-damaged RC
beams were retrofitted with hybrid fiber-reinforced ECC, and the strengthened RC beams
maintained their load-bearing capacity, even at large deflection [41].

In addition to the promising application of ECC in the field of structural protection
under dynamic loading, its dynamic property at the material level was also investigated.
Test results showed that within the strain rate range of 107°~10~!/s, the ultimate tensile
strength increased, and the tensile strain capacity slightly fluctuated with an increasing
strain rate [42]. With a higher strain rate of 10/s, it was found that the tensile strength
of the ECC increased and that the ductility decreased with an increasing strain rate [43].
Furthermore, the split-Hopkinson tensile bar test suggested a significant strain rate effect
on ECC’s tensile strength and toughness under a strain rate of up to 150/s was observed;
meanwhile, the tensile strain capacity decreased [44].

Reinforcing RC beams with an ECC layer is a common method in the field of structural
protection [45]. The impact tests implied that RC beams with embedded prefabricated
ECC strips reduced the crack width, improved the crack distribution, and increased the
bearing capacity and ductility compared to the RC counterparts. The impact resistance of
ECC-reinforced RC members increased with the increasing thickness of the reinforcement
layer. However, the increased thickness of the ECC reinforcement layer inevitably increased
the response stiffness of the member. The increased stiffness will lead to an increase in
impact loads and transferred loads (reaction force), which may lead to negative effects in
engineering applications. For example, in vehicle impacts on bridge piers, the damage
degree of the ECC-reinforced piers was reduced because of their increased stiffness, which
increases the interaction force between the vehicle and piers. However, the vehicle would
suffer more serious damage. It is worth noting that the benefits of simply increasing
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stiffness are limited. In addition, the increased transferred loads could result in a higher
load on the bearing structure, which is detrimental to its protection.

While it is difficult and expensive to conduct many impact tests, certain response
data, such as energy, are also challenging to measure accurately with standard equipment.
As a result, numerical simulation is often preferred. In the present study, the effect of
strengthening RC beams with ECC layers of different configurations was investigated.
Firstly, the material properties of the ECC were obtained through quasi-static compression
tests and quasi-static and dynamic tensile tests. Then, a K&C model with parameters
calibrated from test data was employed to describe ECC behavior. Subsequently, the
numerical model of ECC-reinforced RC beams subjected to impact load was established
and validated with impact test data. Furthermore, with the validated numerical model,
important factors governing the strengthening effect of ECC layers are discussed in detail.
In particular, the effectiveness of separating the ECC layers for impact mitigation is shown
with single-layer strengthening as a reference.

2. Material Characteristics
2.1. Quasi-Static and Dynamic Mechanical Properties of Concrete and Steel

The quasi-static compression and tension tests were conducted to obtain the me-
chanical properties of the concrete and steel reinforcement. All mixtures were prepared
according to the concrete mix proportion in Table 1. The C35 grade concrete with the
size 150 mm x 150 mm x 450 mm was prepared for the quasi-static compression test by
the electronic universal testing machine MTS-YAW6306 (maximum load 3000 kN) with
a loading speed of 5 mm/min, which was according to the China Design Code of GB
50010-2010 (2015): Code for design for concrete structure. The 28-day compressive strength
of the concrete was 39.5 MPa, and the stress—strain relation is shown in Figure 1a. The
mechanical properties of HPB 335 steel were obtained by quasi-static tension test by an
electronic universal testing machine Zwick Roell-Z100 with a displacement loading rate of
5 mm/min, which was according to the China Design Code of GB/T 1499.2-2018: Steel for
reinforced concrete Part 2: hot rolled ribbed bars. The Young’s modulus and yield strength
of the HPB 335 steel were 203 GPa and 450 MPa, respectively, and the tensile stress—strain
curve is given in Figure 1b.

Table 1. Concrete mix proportion (unit: kg/m3).

Cement Sand

462.5 596.09 1156.41 160 2.5

Coarse Aggregate Water SP

40

Stress (MPa)
T

(=]
=1
T

800

=)
=]
>

400

Stress (MPa)

1 1
04 06 08 10 0 5 10 15 20 2
Strain (%) Strain (%)

(a) (b)

Figure 1. Stress—strain curves of quasi-static test: (a) concrete under compression; (b) steel under tension.
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With increasing strain rate, the Cowper-Symonds model was employed to delineate

the strain rate effect [46]:
€
1 — 1
- (C> ] M)

where oy and ¢4 denote quasi-static and dynamic yield strength, respectively. C and p
are strain rate parameters, taken as 40/s and 5, respectively, for typical mild steel, and ¢
denotes the equivalent strain rate.

(Td:(Ty

2.2. Quasi-Static and Dynamic Mechanical Properties of ECC

As shown in Table 2, the raw materials of P.II 525 ordinary Portland cement, the fly ash
(class T, 880 kg/m?) with particle size greater than 10 um, the silica sand (2010 kg/m3) with
particle size ranging from 0.12 mm to 0.18 mm, the tap water, the high-range water reducer
admixture (HRWRA), and the polyethylene (PE) fibers were used to manufacture ECC.
The short-cut PE fibers with a length of 12 mm and diameter of 20 um, whose mechanical
characteristics are listed in Table 3, were added to the cementitious matrix. The volume
fraction of the fiber was set at 2%.

Table 2. Mix proportion of ECC (unit: kg/ m?).

Cement Fly Ash Silica Sand Water HRWRA PE Fiber
701 900 100 600 8 19

Table 3. Properties of PE fiber.

Fiber Density Diameter Length Young's Tensile
Category (g/cm?3) (um) (mm) Modulus Strength
(GPa) (MPa)
PE 0.97 24 12 116 3000

All mixtures were prepared according to the mix proportion of ECC in Table 2. Then,
the fresh ECC mortar was cast into a steel mold to form quasi-static tensile and compressive
specimens. All specimens were covered with plastic films, demolded 24 h after molding,
and cured for 7 days.

To obtain the mechanical properties of the prepared ECC, a quasi-static compres-
sion test was conducted with the MTS Exceed E45 universal testing machine (maxi-
mum loading capacity of 300 kN). As shown in Figure 2a, the cubic ECC specimens
of 50 mm x 50 mm x 50 mm were loaded with the displacement control mode of compres-
sion rate at 0.5 mm/min, and the measured stress—strain curve is shown in Figure 2a. It
was observed that the bearing capacity of the ECC specimen gradually decreased after it
reached its ultimate compressive strength of 68 MPa, implying relatively excellent ductility.

The quasi-static tension test was also conducted on the MTS Exceed E45 universal
testing machine with the displacement control mode at a loading speed of 0.0008 mm/s.
The measured stress—strain curve is shown in Figure 2b. It was observed that the ECC
underwent obvious strain hardening, and the initial cracking strength, the ultimate tensile
strength, and the tensile strain capacity were 3.2 MPa, 8.67 MPa, and 5.61%, respectively.
The mechanical properties of the ECC are listed in Table 4.

Table 4. The mechanical properties of ECC material under quasi-static tension.

First Crack Ultimate Tensile Strain Ultimate
Density (kg/m3) Strength (MPa) Tensile Strength " . %) Compressive
8 (MPa) pacity 7o Strength (MPa)

1780 3.2 8.67 5.61 68
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Figure 2. Stress-strain curves of quasi-static test: (a) ECC under compression; (b) ECC under tension.

The ECC dog-bone specimens with a thickness of 13 mm, as shown in Figure 3a, were
prepared for the dynamic tension test. The Japan Society of Civil Engineers specification
was applied to the test [47]. In total, 4 strain rates were considered for each dog-bone
specimen, and each test of any strain rate coupon-type combination was repeated 3 times,
resulting in 12 specimens in total. The dynamic tension test was conducted with the Instron
VHS 160-20 high-speed testing machine at Tianjin University (the maximum load = 100 kN,
maximum data acquisition rate = 60 MHz), as shown in Figure 3b. Displacement loading
was applied to control the tensile strain rate at 1/s, 10/s, 50/s, and 100/s.

330

(b)

Figure 3. Dog-bone specimen for tensile test (unit: mm): (a) specimen geometry; (b) dynamic setup.

As shown in Figure 4, the tensile stress—strain relationship of ECC with the significant
strain hardening process was observed, regardless of the strain rate. Take the case of
strain rate 1/s, for instance; the stress—strain relationship with response mode is shown
in Figure 4.

The ultimate tensile strengths and tensile strain capacity of ECC specimens with five
different strain rates were obtained from ECC quasi-static and dynamic uniaxial tensile
tests, as listed in Table 5 and shown in Figure 5.

It was observed that the stress—strain curve presented during the strain-hardening
stage under quasi-static tensile loading exhibited relatively high ductility and low tensile
strength. With increasing and up to relatively high strain rates, the ultimate tensile strength
increases, and the tensile strain capacity decreases.
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Ultimate tensile strength (MPa)

Table 5. Tensile mechanical properties of ECC.

. Ultimate . .

Case Th(lckness Strain Rate (/s)  Tensile Strength 'l;e::nsﬂe. Stroa/ln

mm) (MPa) apacity (%)
ECC-S 13 10-° 8.67 5.61%
ECC-1 13 1 11.30 4.93%
ECC-10 13 10 14.15 4.15%
ECC-50 13 50 24.20 2.79%
ECC-100 13 100 30.22 2.11%

Note: For clarification, in Table 5, the name of each case was ECC-strain rate. Strain rate represented the tensile
strain rate of the test ranging from 10-5/5-100/s. ECC-100 denotes the ECC specimen at a strain rate of 100/s. S

represents quasi-static tension. The strain rate was 107 /s.

Stress (MPa)

Strain (%)

Figure 4. Typical stress—strain response of ECC under dynamic tension (strain rate 1/s).
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Figure 5. Tensile properties of ECC under different strain rates: (a) ultimate tensile strength; (b) tensile

strain capacity.

It was observed that the ultimate tensile strength and tensile strain capacity were
significantly related to the strain rate effect by the above test results and previous stud-
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ies [48,49] with the same test method. The dynamic increase factor (DIF) was calculated by
the dynamic ultimate tensile strength divided by the ultimate tensile strength under quasi-
static tension. With increasing strain rate, the DIF of ultimate tensile strength exhibited a
slight increase under a relatively low strain rate. However, it increased rapidly under a
relatively higher strain rate greater than 10/s, as shown in Figure 6. To this end, a bilinear
function was employed to represent the tensile DIF of ECC.

0.037Ine+1.4 e<10 /s

DIF = . . 2
i { 0.884Ine—0.6 ¢>10 /s @

8

® Yang et al. -direct tension
Ranade et al. -direct tension
®  This study
gt
w
=]
2
e
(]
]
=)
341
Q
Q
s3]
Gy
S
=]
A2fF
°
0 1 1 1 1 1 1 1
10° 10* 107 102 10! 10° 10! 10 10°

Strain rate (/s)
Figure 6. Dynamic increase factor of ECC under tension (data from Yang et al. [50], Ranade et al. [44]).

3. Numerical Model and Validation of Low-Velocity Drop Weight Test

To further investigate the response of ECC-reinforced RC beams subjected to impact
load, the impact test model was established with the finite element software ANSYS/LS-
DYNA. First, the K&C model calibrated and validated with test data was applied to describe
the behavior of ECC. Then, the impact test numerical models were validated by the drop
weight test.

3.1. Numerical Model

The thickness of the reinforcement layer and the reinforcement method were con-
sidered optimization parameters to design six members for the response investigation
under low-velocity impact loading, as listed in Table 6. The C35 concrete and steel bar in
Section 2.1 was applied on the RC beam, longitudinal steel bar HRB 335, diameter 8 mm,
reinforcement rate 1.0%, double reinforcement rectangular section, hoop diameter 6 mm,
spacing 100 mm. The cross-sectional dimensions of the RC beam were 100 mm x 100 mm
(width x height), and the length of the beam was 1000 mm. When the ECC reinforcement
layer was a single layer, the bonding properties were excellent between the ECC layer and
the RC beam. This was because of ECC direct casting on the RC beam, which could be
considered monolithic structure. When the ECC reinforcement layer was a separation layer
reinforcement, the ECC layer and the RC beam bonded perfectly. However, a separation
layer with a length of 500 mm was reserved between the ECC and ECC layer, which acts as
a layered barrier; the details are shown in Figure 7.
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Table 6. Numerical model program.
Dimensions . . .
Series Cases (Width x Depth ECC g::;:mess Relnflt)rcement ImpafltnYe)loaty

x Length) (mm) ype S
S1 RC 100 x 100 x 1000 - - 4.5
52 RC/ECC10 100 x 110 x 1000 10 single layer 4.5
S3 RC/ECC20 100 x 120 x 1000 20 single layer 4.5
54 RC/ECC40 100 x 140 x 1000 40 single layer 4.5
S5 RC/ECC20-20 100 x 140 x 1000 40 double layer 45
56 RC/ECC10-10-10-10 100 x 140 x 1000 40 four layer 4.5

Note: For clarification, in Table 6, RC/ECC denotes the ECC-reinforced RC beam. RC/ECC20 denotes the
ECC-reinforced RC beam; the ECC reinforcement layer was a single layer with a thickness of 20 mm. Therefore,
RC/ECC20-20 denotes the ECC-reinforced RC beam; the ECC reinforcement layer was a double layer, per layer of
ECC was 20 mm, and the total thickness was 40 mm.

Cross section Front view
N wo T TTTTTTTTTT oo T Ty T !
RC O oE] [ L 1 | | 17 ™
100 1000
RC/ECC20 sl ] s [ ] | | TR

:f:—/_ Single ECClayer
1000

RC/ECC20-20

| 100

100

| | L/~ RCbeam

1000

Double ECC layer

RC/ECC10-10-10-10

100

[
=

g |

| | L,/ RCbeam

Four ECC layer

Figure 7. Schematic of RC beams with different ECC reinforcement (unit: mm).

3.1.1. Description of Numerical Model

The three-dimensional numerical models of the RC beam, the RC/ECC10 beam, the
RC/ECC20 beam, the RC/ECC40 beam, the RC/ECC20-20 beam, and the RC/ECC10-10-
10-10 beam subjected to the impact load are illustrated in Figure 8. The numerical model
consisted of three parts: the drop hummer, the supports, and the specimen. The flat hummer
was adopted, and a 200 mm x 200 mm X 160 mm steel block was used to characterize
the hummer. To more accurately simulate the constrained boundary in the impact test,
2 cylindrical supports were established to ensure an effective span of 700 mm. The specimen
was placed on the cylindrical support, and a 100 mm x 50 mm x 10 mm steel block was
established above the specimen to achieve the constraint condition of solid support on
both sides. The contact AUTOMATIC_NODE_TO_SURFACE was applied between the
cylindrical support and the specimen. The contact AUTOMATIC_SURFACE_TO_SURFACE
was applied between the constraint steel block and the specimen.

The concrete and ECC in the beam meshed with the Solid 164 element, while the
rebar in the RC beam and the RC/ECC beam meshed with the BEAM 161 element. Ac-
cording to previous studies, the sliding effect between the reinforcement and concrete
under low-velocity impact loading was slight since the coupling of concrete and rebar in
the RC beam or the RC/ECC beam was realized by sharing common nodes. The contact
AUTOMATIC_SURFACE_TO_SURFACE was applied to describe the separation ECC rein-
forcement layer, while the contact between the RC beam and the ECC reinforcement layer
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shared the common nodes. Mesh sensitivity testing for different mesh sizes was conducted.
The 5 mm mesh size was applied to all the components in the numerical model to balance
computational accuracy and efficiency.

Figure 8. Numerical model of impact tests: (a) RC beam (S1); (b) RC/ECC10 beam (S2); (c¢) RC/ECC20
beam (S3); (d) RC/ECC40 beam (54); (e) RC/ECC20-20 beam (S5); (f) RC/ECC10-10-10-10 beam (S6).

3.1.2. Material Model

In the present study, MAT_PLASTIC_KINEMATIC was employed to model steel. This
was suitable for modeling the isotropic and kinematic hardening plasticity incorporating
the strain rate effect with the Cowper-Symonds model. Table 7 details the parameters
obtained by quasi-static and dynamic loading.

Table 7. Parameters of steel [48].

p (kg/m3) E (GPa) oy (MPa) " C p
7800 203 425 0.3 40 5

Where p was the density, E was Young’s modulus, ¢y was the quasi-static yield strength, y was the Poisson’s ratio,
and C and p were the strain rate parameters, as shown in Equation (1).

The K&C model (MAT_072R3) in ANSYS/LS-DYNA was applied to represent concrete,
which was capable of capturing complex concrete behavior in the structural response under
impact and blast loading with adequate accuracy. Some of the model parameters were
automatically generated based on the unconfined compressive strength of concrete, and the
strain rate effect was considered. In addition, the three “strength surfaces” that changed
shape with hydrostatic pressure were defined. Finally, damage parameters were defined to
control the damage from tension and compression.
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Although the parameters automatically generated in ANSYS/LS-DYNA were able to
reasonably represent the dynamic response of concrete, they were unable to capture the
behavior of ECC. To this end, the K&C model (MAT_072R3) had to be calibrated to describe
the ECC material. Three strength surfaces, including the yield strength, ultimate strength
surface, and residual strength surface, were introduced to the K&C model to describe
the change mechanisms of the yield strength, ultimate strength, and residual strength of
the ECC:

P
Aoy =apy + ———— 3
YT a agyp )
AOm = agm + —F—— 4)
a1m + armp
Aoy = age + — P ®)
ayr + axp

where aiy, aim, and a;; (1 =1, 2, 3) are the strength surface parameters determined by test
data of the triaxial compression test. P denotes the hydrostatic pressure. Ac = /3], where
Ao denotes the equivalent stress, and J, denotes the second invariant of the deviatoric
stress tensor.

The damage evolution of the ECC in the K&C model was obtained from linear interpo-
lation between the loading surface. Firstly, the ECC was not damaged until the yield surface
was reached. As the loading continued to increase beyond the yield strength, accompanying
the observed strain-hardening behavior, the damage evolution was determined by linear
interpolation between the initial yield surface and the ultimate strength surface. After that,
with continued loading, the material underwent softening, corresponding to the change in
strength surface from the ultimate surface to the residual surface with interpolation. The
pressure-dependent yield surface function 7 is as follows:

_ s [17(Aom — Aoy) + Aoy A< Am
(1.A) { r¢[n(Aom — Aoy) + Acy] A>Am ©

where 77 denotes the dynamic increase factor, 77 is the damage evolution function varying
from 0.0 to 1.0, and A denotes the accumulated effective plastic strain to describe the
damage effect on the material behavior. In the K&C model, the function was realized
by inputting thirteen (A, 77) pairs, while for the values not provided by the data sets, the
associated value of # was obtained by interpolation, as listed in Table 8. The transition from
strain hardening to softening was denoted by A = Ay, where 7 = 1.

Table 8. The Ay relationship [48].

A 1
0.0 0.0
8.0 x 107 0.85
24 x 1075 0.97
40 x 1073 0.99
5.6 x 107> 1.0
7.2 x 107> 0.99
8.8 x 107> 0.97
32 x 1074 0.5
52 x 1074 0.1
5.7 x 1074 0.0
0.0 0.0
0.0 0.0

0.0 0.0
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The dynamic tensile behavior of ECC is described in Section 2.2, and its dynamic
compression behavior is characterized by Equation (7) and Figure 9. It was noted that the
DIF. was consistent for different groups of tests and thus could be considered reasonable.

[ 0.023Ine+1.27 €<100 /s
DIR:"{ 0714Iné — 191 &> 100 /s @)
4
® Wangetal.
Douglas et al.
v Chenetal.

w

[}

DIF of ECC under compression

0 1 1 1 1 1 1
107 10 107 1072 107 10° 10! 102 10°
Strain rate (/s)

Figure 9. Dynamic increase factor of ECC under compression (data from Ref. [51]).

The parameters of damage evolution in tension and compression were calculated

as follows: - i
Sp &
Jof ——% p=0

0 v b
A= & dég t ®)
Jo N\ p<0

where dg, =,/ %degdeﬁ denotes the increment of effective plastic strain. f; is the tensile
strength, and by and b, are the parameters controlling the ECC softening behavior after
peak stress under uniaxial compression and tension. The EOS-8 in the K&C model was
applied to describe ECC, in which the pressure-volume relationship was expressed by

P =C(u) + 700(n)Eo )

where C(¢) denotes the tabulated pressure evaluated along a 0 K isotherm as a function
of the volumetric strain. 6(y) denotes the tabulated temperature-related parameter as a
function of volumetric strain, whose parameters are listed in Table 9.

Table 9. EOS parameters of ECC.

1 M2 M3 Ha Hs He H7 M8 Ho H10

0 0.0015 0.0043 0.0101 0.0305 0.0513 0.0726 0.0943 0.174 0.208
K3 K Ks Ky Ks Kq Ky Ks Ky Kio
Kv Kv 1.014 Kv 1.065 Kv 1.267 Kv 1.470 Kv 1.672 Kv 1.825 Kv 4.106 Kv 5.000 Kv
P, P, P P Ps Ps P, Pg P P,

0 Kv uy 2.18 P, 3.5P, 6.65 P, 10.03 P, 14.23 P, 21.77 Py 127.1 P, Py

Where y; was the volumetric strain, K; was the elastic bulk modulus, P; was the pressure corresponding to ;.
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Concrete specimen

(a)

3.2. Validation of the Numerical Model

To validate the concrete and ECC constitutive model and the model methodology em-
ployed in the present study, the simulation results were compared with the corresponding
test data of ECC specimens, and RC beams with and without the ECC strengthening layer
subjected to drop weight impact.

3.2.1. Concrete Constitutive Model

The uniaxial compression test of a concrete specimen was simulated. A concrete
specimen of dimensions 150 mm X 150 mm x 450 mm was modeled, and the specimen was
sandwiched between 2 steel plates, as shown in Figure 10a. The translation and rotation of
the bottom steel plate were completely restrained, while the top steel plate compressed the
cube at a rate of 5 mm/min. The concrete specimen and steel plate were meshed with the
solid 164 element of 5 mm size. It was found that the stress—strain relationship of numerical
simulation favorably agreed with the test data, as shown in Figure 10b.

Experimental
- — - Numerical simulation

40

[
(=]

Stress (MPa)
=

10

0 1 1 1 1
0.0 02 04 0.6 0.8 1.0

Strain (%)

(b)

Figure 10. Numerical models of concrete uniaxial compression test: (a) numerical model setup;

(b) stress—strain relation comparison.

3.2.2. ECC Constitutive Model

The uniaxial compression test of an ECC specimen was simulated. An ECC cube
of dimensions 50 mm x 50 mm x 50 mm was modeled with the material parameters in
this study, and the cube was sandwiched between 2 steel plates, as shown in Figure 11a.
The translation and rotation of the bottom steel plate were completely restrained, while
the top steel plate compressed the cube at a rate of 0.5 mm/min. The ECC specimen and
steel plate were meshed with the solid 164 element of 5 mm size. It was found that the
force-displacement relationship of numerical simulation favorably agreed with the test
data, as shown in Figure 11b.

Similarly, the numerical model of the dog-bone specimen subjected to uniaxial tension
was established, as shown in Figure 12a. The upper and lower ends of the dog-bone
specimen were loaded with connected steel plates. The translation and rotation of the
bottom steel plate were completely restrained, and the top steel plate moved upward at
a rate of 0.0008 mm/s. The ECC specimen and steel plate were modeled with the Solid
164 element with a mesh size of 5 mm. The comparison between the numerically simulated
and test results in Figure 12b suggested that the ECC model with chosen parameters
was capable of capturing the tensile behavior of ECC to a reasonable extent. However, a
discrepancy did exist, which is also observed in the literature.
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Figure 11. Numerical simulation of ECC uniaxial compression test: (a) numerical model setup;
(b) load—displacement relation comparison.
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Figure 12. Numerical simulation of ECC uniaxial tension test: (a) numerical model setup; (b) load—
displacement relation comparison.

Unit: mm

3.2.3. Modeling Methodology of Drop Weight Impact on Beams

Both the drop weight test and the corresponding numerical model were described
in Section 3.1.1. With the defined contact conditions between the concerned parts, the
interaction between the concrete and rebar, and the parameters, the response of the RC
beam with and without ECC reinforcement was simulated and compared with the test.

A brief overview of the low-velocity drop hammer impact tests by Pan et al. [52] on
RC beams with and without ECC reinforcement is provided. The 2400 mm long RC beams
with cross-sectional dimensions of 150 mm x 250 mm (width x height) were restricted
at both ends by steel plates and rollers, resulting in an effective span of 2000 mm. The
4 longitudinal steel bars were ®12 HPB400, and the stirrup bars were ®6 HPB300 with a
100 mm spacing. Two beams were identical, one with a twenty mm ECC reinforcement
layer installed on the bottom side, and the other without a reinforcement layer as a control
group. In each test, the drop hammer with a mass of 200 kg impacted the beam in mid-span
from a free fall height of 1 m, implying the impact load was the same for the 2 beams.

The parameters of the beams and reinforcement layer, as well as the test conditions, are
summarized in Table 10.
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Table 10. Beam parameters in the tests [52].
Specimens Cross Section (mm) Span (mm) Materials Impact Test
Concrete compressive Drop weight 200 kg;
RCbeam 150 > 250 > 2400 2000 strength 20.3 MPa impact height 1 m
Concrete compressive
strength 20.3 MPa;
ECC compressive strength Drop weight 200 kg;
RC/ECC beam 150 x 270 x 2400 2000 55.16 MPa impact height 1 m
ECC ultimate tensile
strength 6.66 MPa

The numerical models were established according to the low-velocity drop hammer
test, as shown in Figure 13. The hammer with the curved head was modeled, and the
500 mm x 500 mm x 100 mm steel block was applied to the drop weight of 200 kg. The
geometry of the numerical model was set precisely the same as that of the test. Specif-
ically, the numerical model consisted of three parts: the drop hammer, the supports,
and the beam with or without the ECC reinforcement. To more accurately simulate
the boundary condition of the beams, 2 cylindrical supports were established, having
an effective span of 2000 mm. The beam was placed on the cylindrical support, and a
100 mm x 50 mm x 10 mm steel block was installed on both top sides of the beam. The
keyword CONTACT_AUTOMATIC_NODE_TO_SURFACE was applied between the cylin-
drical support and the beam, while CONTACT_AUTOMATIC_SURFACE_TO_SURFACE
was applied between the constraint steel block and the beam.

2400 mm

| 2000 mm |
) I

(a)

2400 mm
2000 mm

Y

(b)
Figure 13. Numerical models: (a) RC beam; (b) RC beam with ECC reinforcement.

The concrete and ECC in the beam were meshed with the Solid 164 element, while
the rebar was meshed with the BEAM 161 element. According to the test results, sliding
between rebar and concrete under low-velocity impact loading was slight. To this end, the
coupling between concrete and rebar was modeled by sharing common nodes. CONTACT_
AUTOMATIC_SURFACE_TO_SURFACE was applied to describe the interaction among
the separate ECC reinforcement layers, while the interaction between the RC beam and the
ECC reinforcement layer shared common nodes. A mesh sensitivity study with different
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Shear damage

mesh sizes was conducted, and the 5 mm mesh size was adopted for all the components in
the numerical model to balance the computational accuracy and efficiency.

The response and damage modes of the two beams were reasonably represented by
the numerical model, in which the damage location and degree agreed favorably with the
test results, shown in Figure 14. The RC beam showed a bending damage pattern, and
the span displayed significant bending damage. In addition, the contact location of the
falling hammer showed localized damage. All these features were effectively captured by
the numerical model of the RC beam. RC/ECC beams exhibited a bending-shear damage
mode, and shear damage could be observed on both sides of the bending damage location
in the span, and these characteristic damages could be effectively reflected in the numerical
model of RC/ECC beams. The difference in damage modes between RC and RC/ECC
beams was due to the increased response stiffness of the ECC-reinforced RC beams, which
in turn led to the transformation of the specimens from bending damage of RC beams to
bending-shear damage of RC/ECC beams.
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Figure 14. The comparison of response and failure modes between simulation and test: (a) RC beam;
(b) RC/ECC beam.

The simulated deflection time histories of the beam mid-span were close to those of
the test, shown in Figure 15. Although the peak displacements of the numerical model were
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slightly larger than the experimental results, the errors were only 5.6% and 8.7% for the RC
and RC/ECC beams, respectively. On the one hand, the falling hammer inevitably caused
a certain speed and energy loss during the falling process in the test, resulting in the actual
speed and energy acting on the specimen being slightly less than the speed and energy
calculated from the free fall. On the other hand, the specimen’s constrained boundary of
the specimen in the test was not entirely precise. Therefore, it could cause some degree
of energy dissipation, which in turn led to a reduced degree of specimen deformation. In
contrast, the boundary constraint in the numerical simulation was nearly perfect, which
led to a severe deformation of the numerical model. Therefore, the peak displacement of
the numerical model is slightly larger than the experimental results.
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Figure 15. The comparison of the displacement time histories of the beam mid-span.

The peak displacement of the RC beam and RC/ECC beam are listed in Table 11. ECC
reinforcement significantly reduced the displacement of the RC beam. The displacement
decreased with the increase in reinforcement layer thickness because the ECC reinforcement
layer could effectively improve the overall response stiffness of the member during the
deformation process, which in turn reduced the span deflection, decreased the degree of
deformation, and effectively controlled the deformation of the member under impact load.

Table 11. Summary of the displacement of RC and RC/ECC beams.

Case Test (mm) Simulation (mm) Error (%)
RC beam 25.0 27.18 8.7
RC/ECC beam 22.8 24.07 5.6

To sum up, both the ECC constitutive model and the modeling methodology for the
drop weight impact test reasonably represented the corresponding tests with adequate
accuracy. As a result, the numerical models can be considered validated.

4. Discussions

In this section, in addition to the response and damage mode of the beam, quantitative
response parameters, including mid-span deflection, impact load, reaction force, and energy
dissipation, are discussed to evaluate their performance when subjected to impact load.
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4.1. ECC Reinforcement Thickness
4.1.1. Response and Failure Mode

With different ECC reinforcement thicknesses and all other parameters and test con-
ditions the same, Figure 16 shows that the damage to the RC beam in terms of effective
plastic strain decreased with increasing ECC layer thickness. At the same time, the damage
around the supports also exhibited the same trend.
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Figure 16. Effective plastic strain contour of beams with different reinforcement thicknesses under
the same impact.

Aside from the protected RC beam, the ECC strengthening layer itself was also dam-
aged. The multiple crack mode of ECC was observed in cases with 10 mm and 20 mm
layer thicknesses. This implies that ECC exhibited strain hardening and had not yet failed.
Differently, a major concentrated damage zone appeared in the central region of the ECC
layer in the 40 mm thickness case. This means the layer might already have failed.

The underlying mechanism is that in the case of a relatively thin ECC layer, the ECC
layer underwent a tensile response, in which the normal stress difference within the layer
was not significant. However, the bending contribution increased in the case of a relatively
thick ECC layer, i.e., 40 mm; hence, the normal stress difference within the ECC layer was
more significant. As a result, the lowest part of ECC might experience high stress levels
and fractures. In this discussion, the 20 mm ECC provided a compromised choice, in which
the ECC layer contributed to effective strengthening and did not fail. Therefore, in the
strengthening design, ECC reinforcement thickness should be taken into account.
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4.1.2. Mid-Span Deflection

The mid-span deflection of the beam decreased with increasing ECC strengthening
layer thickness, as shown in Figure 17a. As the ECC layer can be considered part of the RC
beam, the deformation resistance increased with the ECC layer thickness, thus decreasing
deformation. Furthermore, applying the ECC layer increased the stiffness of the beam,
hence increasing natural frequency. Consequently, the thicker the ECC strengthening layer,
the earlier the deformation reached its peak, as shown in Figure 17a.
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Figure 17. Displacement of beam mid-spans with different reinforcement thicknesses under impact:
(a) displacement time history; (b) peak displacement.

4.1.3. Impact Load

The impact load of these beams is shown in Figure 18. It was observed that the peak
impact load of the RC/ECC40 beam was the highest at 171 kN. This was followed by the
RC/ECC20 beam at 163 kN, followed by the RC/ECC10 beam at 158 kN, and the RC beam
at 153 kN at the minimum. Previous studies have shown that the higher the effective mass
of the beam, the higher the peak impact load. With ECC reinforcement, the effective mass

involved in the response increases as the thickness of the member increases, and thus the
peak impact load increases.

0

0 40 RC RC/ECC10 RC/ECC20 RC/ECC40
Cases

(a) (b)

Time (ms)

Figure 18. Impact load of beams with different ECC reinforcement thicknesses under impact: (a) time
histories; (b) peaks.
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In addition, it was illustrated that the platform force of impact loading was greatest
on the RC/ECC40 beam. This was followed by the RC/ECC20 beam, the RC/ECC10, and
finally, the RC beam. The magnitude of the platform force was related to the stiffness of
the specimen; usually, the greater the stiffness, the greater the platform force. Therefore,
larger peak loads and platform forces could result in larger loads that the impactor will be
subjected to, which is not desired in protective engineering design.

4.1.4. Reaction Force

The reaction force of beams subjected to impact or other loads was often a concern, as
the load was transferred to the structural members connected to the beam. In this numerical
simulation, the force experienced by the supports was taken as the reaction force. Figure 19
illustrates that the reaction force increased with increasing ECC layer thickness, while the
loading duration of the reaction force decreased. Further examination revealed that the
impulse of the reaction force during the entire process of the impact was almost the same,
regardless of the ECC layer thickness. This was due to the momentum theorem, which
states that the change in momentum of a system is equal to the impulse applied to the
system. While the system’s momentum change consisting of the beam with and without
ECC reinforcement and the impactor was almost identical, the impulse should be more or
less the same.
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Figure 19. Reaction force of beams with different ECC reinforcement thicknesses under impact:
(a) time histories; (b) peaks.

4.1.5. Energy Dissipation

The energy dissipation capacity of the beam was also important, as the impact energy
input to the system consisting of the impactor and beam must be dissipated. If the energy
to the RC beam exceeds its tolerance, the beam will fail. To this end, the total energy
dissipated by the RC beam—ECC layer system and the energy dissipation breakdown for
the RC beam and ECC layer is provided in Table 12 and Figure 20. It was observed that the
total energy of the concerned system was almost the same as the impact energy. Moreover,
the portion of energy dissipated by the ECC layer increased with increasing ECC layer
thickness. Consequently, the thicker the ECC layer, the less energy dissipated by the RC
beam, making it safer.
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Table 12. Summary of the energy dissipation of RC beams with different reinforcement.
No. Case RC Beam () ECC Layer (J) Total Energy (J)
S1 RC 467.8 - 467.8
S2 RC/ECC10 351.1 116.9 468.0
S3 RC/ECC20 294.0 171.7 465.7
S4 RC/ECC40 187.9 280.7 468.6
e
500 | 3 EcC
400
)
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@ 300 |
"
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=
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200
100 |
0
RC RC/ECC10 RC/ECC20 RC/ECC40
Case

Figure 20. Energy dissipation of beams with different reinforcement thicknesses under impact load.

4.2. ECC Reinforcement Configuration
4.2.1. Response and failure mode

Compared with the control RC beam, the response and damage in terms of the
effective plastic strain of the RC beams with different ECC reinforcement configurations
were relatively less severe, as shown in Figure 21. In addition, the beam parts around
the supports also exhibited the same trend. Specifically, among the three RC beams with
different ECC reinforcements, the RC/ECC40 experienced more shear damage, even more
severe than without ECC strengthening. The possible reason was that applying a single
40 mm ECC layer significantly increased the beam stiffness, leading to higher stress in the
shear zone.

Further examination of the RC beams with ECC reinforcement revealed that while the
total thickness of the ECC layer was the same, these layers underwent remarkably different
response and failure patterns. An observation in common was that the ECC layer adjacent
to the RC beams all experienced concentrated failure around the central region. This was
likely caused by the fracture driving force from the failed RC bottom central part. Subjected
to the impact load, fracture failure occurred in the central RC bottom first. The fracture
propagated to the adjacent ECC layer and failed, as the connection between the RC beam
and the ECC layer was firm and strong. To mitigate the possible crack propagation within
the ECC layers, the ECC layer was divided into multiple layers, rather than a single layer.
In so doing, the fracture propagation in ECC can be effectively terminated, and the ECC
layer can be fully utilized in the ideal tension mode.
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Figure 21. Effective plastic strain contour of beams with different reinforcement configurations under
impact.

4.2.2. Mid-Span Deflection

The time histories of RC beam mid-span deflection with different reinforcement
suggested that with the ECC layer applied, the responses of the RC beam in terms of peak
mid-span deflection were significantly reduced by applying the ECC strengthening layers,
as shown in Figure 22. Furthermore, installing the ECC layers increased the stiffness of the
system consisting of the RC beam and ECC layer, thus leading to a shorter natural period
and hence an earlier deflection peak.
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Figure 22. Displacement of beam mid-spans with different reinforcement configurations under

impact: (a) displacement time history; (b) peak displacement.



Buildings 2023, 13, 1688

22 of 27

In addition, a response difference did exist among the 3 different reinforcement
approaches with the same total ECC layer thickness of 40 mm subjected to the same
impact load. The more layers of ECC are separated, the greater the response. The rea-
son was that separating the ECC with more layers remarkably reduced the inter-layer

shear. Consequently, vertical shear reduced vertical deformation resistance, leading to a
greater response.

4.2.3. Impact Load

The impact load time history of those beams under low-velocity impact loads is shown
in Figure 23a. The impact load of the beam increased significantly after ECC strengthening,
but decreased with an increasing number of separation layer reinforcements. The peak
load decreased from 171 kN of the RC/ECC40 beam to 162 kN of the RC/ECC10-10-10-10
beam, a decrease of nearly 5%, as shown in Figure 24b. This is because the effective mass of
the RC/ECC10-10-10-10 beam was decreased during the response due to separation layer
reinforcement. In addition, the platform force of the RC/ECC40 beam was the largest in
RC/ECC members; recall that the effective stiffness of the RC/ECC40 beam was the largest.
The effective stiffness of the member had reduced by the separation reinforcement layer,
resulting in a lower platform force. In summary, the method of separation reinforcement
layer could effectively reduce the impact load and contribute to the performance of impact
resistance of the members.
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Figure 23. Impact load of beams with different reinforcement configurations under impact: (a) time
histories; (b) peaks.
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Figure 24. Reaction force of beams with different reinforcement configurations under impact: (a) time
histories; (b) peaks.
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4.2.4. Reaction Force

With ECC strengthening layers of different configurations, the peak of the reaction
force increased, and its duration decreased, while the impulse remained almost the same,
as shown in Figure 24a. Moreover, for a similar reason discussed in the preceding section,
the stiffness of the system consisting of the RC beam and the ECC layer decreased with
increasing ECC separate layers, accounting for the observations in Figure 24.

4.2.5. Energy Dissipation

The energy dissipation of the RC beam with different ECC reinforcement configu-
rations is listed in Table 13 and shown in Figure 25, in which the breakdown of energy
dissipation by each component is incorporated. While the impact energy input to the
system consisting of the RC beam and ECC layers was the same, the 40 mm thick ECC
layer dissipated the majority of energy; thus, the energy needed to be dissipated by the RC
beam was significantly reduced.

Table 13. Summary of the energy dissipation of beams with different thicknesses.

No Cases RC Layer ECC1 ECC2 ECC3 ECC4 Total Energy
) ()] Layer (J) Layer (J) Layer (J) Layer (J) 1))

S1 RC 467.8 467.8

S3 RC/ECC40 187.8 280.7 468.6

S5 RC/ECC20/20 161.1 1229 184.3 468.3

S6 RC/ECC10/10/10/10 129.3 49.0 76.1 105.3 108.2 467.9

Note: The numbers 1, 2, 3, and 4 following ECC denote the ECC layer from top to bottom. For instance, ECC1
means the layer adjacent to the RC beam.
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Figure 25. Energy dissipation of beams with different reinforcement configurations under impact.

Figure 25 shows that among the three 40 mm ECC reinforcement configurations,
the energy absorption capacity slightly increased with increasing ECC separate layers.
Moreover, within a specific layer configuration, the farther the layer is away from the RC
beam, the more energy is dissipated. The underlying mechanism was that, on the one hand,
the farther layers experienced relatively larger stress and strain in beam bending. On the
other hand, the top ECC layer likely underwent concentrated damage at its mid-span due
to the failure of the adjacent RC beam part. Recall in Figure 21, except for the ECC layer
close to the RC beam exhibiting concentrated damage, all the other layers experienced a
typical strain hardening response mode, suggesting there may still be some capacity for
more energy input.
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In summary, based on the impact mitigation performance of applying ECC strengthen-
ing layers in terms of the response and damage mode summarized in Table 14, the proposed
approach in the present study effectively reduced the RC beam response and damage. In
particular, separating the ECC reinforcement into multiple layers more efficiently utilized
the excellent tensile performance of ECC, thus recommended for strengthening the RC
beam potentially subjected to impact.

Table 14. Summary of the performance of different ECC reinforcements.

s Peak Mid-Span Peak Reaction Energy Dissipation (J)
Case Description A

Deformation (mm) Force (kN) RC Beam ECC Layer Total
S1 RC 33.5 56 467.8 467.8
52 RC/ECC10 27.3 64 351.0 117.0 468.0
S3 RC/ECC20 26.3 72 294.0 171.7 465.7
54 RC/ECC40 21.0 87 187.8 280.8 468.6
S5 RC/ECC20-20 21.3 80 161.1 307.2 468.3
S6 RC/ECC10-10-10-10 22.9 75 129.3 338.6 467.9

5. Conclusions

To improve the impact performance of RC beams, applying ECC reinforcement layers
to the beam bottom was proposed. With a validated numerical model, the retrofit effective-
ness was evaluated and discussed in detail in terms of the response and damage mode. In
addition, also discussed were the mid-span deformation of the RC beam, the reaction force,
and the energy dissipation, from which the following conclusions can be reached.

1.  The damage degree of members subjected to impact load was reduced in the central
region and around the supports. The deformation was effectively controlled, and the
energy dissipation capacity was significantly increased with the increasing thickness of
the ECC layer. However, the ECC layer adjacent to the RC beam suffered concentrated
damage around the mid-span due to the firm bonding to the beam and the beam
fracture at the region.

2. The impact load and transferred load were significantly increased with the increasing
thickness of the ECC layer by 12% and 55.4%, respectively, for the 40 mm ECC
reinforcement layer.

3.  The ECC separation layer reinforcement method was proposed by optimizing the
reinforcement method. While sacrificing part of the deformation control capacity,
the peak deflection was increased by 9%. In addition, the peak impact load and
transferred load were reduced by 5% and 14%, respectively. Moreover, the energy
consumption utilization of the ECC layer was improved by 21%.

4. Separating the ECC reinforcement into multiple layers outperformed the counterparts
with the same total ECC thickness by stopping the fracture at the interface between
ECC layers.

The separating reinforcement method was applied to ECC-reinforced RC beams to
achieve progressive failure to the member. The highly ductile characteristic of the ECC was
sufficiently utilized, significantly improving the protection performance of ECC-reinforced
RC beams subjected to impact load. While the impact performance and discussions in the
present study were based on numerical simulation with a validated model, the conclusions
should be further verified, preferably by testing. Therefore, in the future, an impact test of
RC beams with different reinforcement approaches will be conducted to further confirm
the findings. This will facilitate their application in engineering practice.
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Glossary
oy Quasi-static yield strength
o4 Dynamic yield strength
Crp Material constants for Cowper-Symonds model
€ Equivalent strain rate
DIF; Dynamic increase factor
0 Density
E Young’s modulus
U Poisson’s ratio
ajy, ajm, @iy Strength surface parameter
P Hydrostatic pressure
Ao Equivalent stress
> Second invariant of the deviatoric stress tensor
rf Dynamic increase factor
n Damage evolution function
A Accumulated effective plastic strain
dep Increment of effective plastic strain
ft Tensile strength
by, by Damage parameters for the K&C model
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