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ARTICLE INFO ABSTRACT

Keywords: The paper describes the technical design used to develop a structure model that improved thermal insulation
Thern"nal bridge properties and structural performance. This study experimentally and analytically investigated the shear capacity
Experiment of a precast ultra-high performance concrete (UHPC) rib with a concrete cladding wall through the shear keys
Shear strength . . . ) . is
UHPC connection. The structural performance was examined by conducting tests on five specimens under conditions
LS-DYNA of static loading of the UHPC rib with and without shear keys. The test results revealed that the structural

load capacity is significantly affected by changes to the dimensions and design of the shear key, as well as the
eccentricity distance in these specimens, the load capacity was approximately 3 to 4 times higher compared to
conventional solutions. Numerical models were built to simultaneously predict the shear capacity of structures
with varying loading positions and crack failure. These results demonstrated that the proposed modeling may
be effectively used to verify the experimental results. Several important input parameters, a constitutive model,

and a bar-concrete interface in the LS-DYNA program are suggested.

1. Introduction

Reinforced concrete precast technology is frequently employed in
modern buildings. This high-quality and durable technology allows easy
installation, making assembly and disassembly simple, while address-
ing a variety of issues such as shortages of technical staff, an aging
workforce, and decreased professionalism. However, ensuring that the
structure’s connecting section is sufficiently tight can be challenging,
impair the total energy efficiency of the insulation, and substantially
influence user comfort due to damage and internal deformation [1],
[2].

To address the loss of insulation performance caused by the discon-
tinuity of the insulation resistance, Keller et al. [3], Riebel et al. [4],
[5], developed a hybrid-GFRP/steel joint for thermal insulation in bal-
cony slab at an insulating layer location of the facade. Cuong et al.
[6] investigated a new design that incorporates a shear key connection
between the slab and wall to enhance structural performance. In this

* Corresponding author.
E-mail address: kihaklee@sejong.ac.kr (K. Lee).

https://doi.org/10.1016/j.rineng.2024.102191

study, UHPC was employed in the structure [7], [8], [9], [10], [11],
[12], [13]. The insulation is inserted between the ribs to ensure in-
sulation performance and limit energy loss in the building [14], [15],
[16]. As shown in Fig. 1, a thermal bridge occurs on the cladding wall
of frame system. Cladding walls are exterior building envelope com-
ponents that are connected and secured using UHPC ribs and stirrups.
To prevent heating and cooling energy losses and reduced insulation
performance, it is possible to install a frame into which insulation is in-
serted in the lower part of the cladding wall. The basic components of
the connection are the cladding wall, UHPC rib, and reinforcing stirrup
bars. These elements are integrated to connect, support, enclose, and
protect the building structure.

The novel of this work is a new design that was developed to en-
hance the overall structural load capacity in residential buildings and
designed to facilitate convenient on-site installation after factory pro-
duction. The UHPC rib is a form of cantilever on a cladding wall and is
primarily impacted by shear stress and moment when transferred to

Received 6 February 2024; Received in revised form 15 April 2024; Accepted 27 April 2024

Available online 3 May 2024

2590-1230/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


http://www.ScienceDirect.com/
http://www.sciencedirect.com/journal/results-in-engineering
mailto:kihaklee@sejong.ac.kr
https://doi.org/10.1016/j.rineng.2024.102191
https://doi.org/10.1016/j.rineng.2024.102191
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

N.H. Cuong, H. An, T.-V. Han et al.

Results in Engineering 22 (2024) 102191

Table 1
Mix proportion of UHPC (Unit: kg/m>).
Materials  Cement  Silica  Sand  Silica Micro Superplasticizer ~ Steel Water
powder silica fiber /m*
UHPC 830 220 500 280 330 23 75 190
beams or slabs. It is also subjected to the vertical load of the wall. Table 2

As a result, it is essential to experimentally verify structural perfor-
mance and establish bearing capacity as well as economic feasibility.
This connection can also be used as the foundation for developing
detailed cladding walls and UHPC ribs for residential buildings. Five
different specimens were built and tested under static loading to calcu-
late the structural performance of the wall joint with other components
in the building. Structural features such as crack appearance, fracture
patterns, deformability, strength, and stiffness were analyzed.

Recent studies have shown that LS-DYNA is very effective for sim-
ulating cracks and failure behaviors in reinforced concrete structures.
The MAT072R3 model (KCC), the MAT084,/085 model (Winfrith), the
MAT159 model (CSC), and the MAT273 model (CDP) are frequently
used [17], [18], [19], [20], [21], [22], [23], [24], [25], [26]. The Win-
frith model can predict the mechanical behavior of concrete, including
the position of cracks. Other concrete models, such as the KCC model,
are also available to predict the ultimate load. In this study, the nu-
merical models were carried out using the KCC and Winfrith models
simultaneously. Both the KCC and Winfrith models can be used to pre-
dict the behavior of concrete with acceptable accuracy. The authors
chose to integrate the two models, and these models matched the ex-
perimental data well in terms of peak load as well as the cracks in the
wall and UHPC rib.

This paper investigated the significance of thermal bridges, par-
ticularly the load-bearing mechanism of the structure. The effects of
concrete strength, dimensions, and number of shear keys, as well as the
location of the load, were examined by experiments and numerical mod-
els. These factors played important roles in improving the load capacity
of structures. The LS-DYNA generated numerical models, which were
used to analyze the load-displacement curves and cracks inside and out-
side of the concrete. Specifically, a parametric study was conducted to
determine the position of damage and predict the load capacity of these
structures. Also, some parameters of the KCC, Winfrith models, and the
type of contact between the concrete and reinforcement were recom-
mended to accurately simulate the behavior of the materials, which
may be applied in future research. The study showed that the mixed
model was the suitable model in terms of accuracy and reliability.

The paper includes six sections, as follows: Section 1 shows the pur-
pose and methodology of the experiments. Next, Section 2 shows the
material properties and test program. Section 3 presents the experimen-
tal results, and Sections 4 and 5 compare the experimental results with
the results from the numerical model LS-DYNA. Section 6 investigates
the effect of concrete strength on the components of structures. Finally,
important conclusions are summarized in Section 7.

2. Experimental program
2.1. Material properties

Portland cement (Class 1 Normal) has a surface area of 0.28 to 0.34
m?/g and a density of 830 kg/m?>. The specific surface area and density
of silica fume are 220 kg/m?, 15 to 35 m?/g, and 42.6 GPa, respectively.
The steel fiber volume fraction of 1% was used. Fine sand was measured
to be 500 kg/m?3. Table 1 shows the specifics of the UHPC mixture
proportions acquired from the manufacturer.

Compression tests of the UHPC were conducted following ASTM
C109, ASTM C39, and C1856, on at least three cube specimens with
dimensions of 100 mm X 100 mm X 100 mm [27], [28]. In addition,
the compressive strength of standard concrete was determined using a

Detailed information on test specimens.

No Specimen Extrusion shear Eccentricity Number shear
key (mm) distance (mm) key

1 SK0-EC100 20 100 -

2 SK1-EC125 20 125 1

3 SK1-EC100 20 100 1

4 SK2-EC30 20 30 2

5 RC-EC100 - 100 -

uniaxial compression test on three cylindrical specimens with 150 mm
diameters and 300 mm heights. After being poured, all specimens were
kept at room temperature for 28 days. The experiment involved two
types of specimens, exhibiting variations dependent on the laboratory
condition. The Universal Testing Machine (UTM) with a maximum load
capacity of 2000 kN was utilized to determine the strength. Accord-
ing to ASTM C39, the prepared concrete sample should be accurately
aligned with the loading axis and put on the bottom platen of the com-
pression testing equipment, centered between the platens [29]. Also,
two neoprene pads were put between steels and specimens to ensure a
uniform load distribution.

In all specimens, the average compressive strength of concrete at 28-
days were 36.1 MPa for conventional concrete and 152.5 MPa for the
UHPC specimen. The tensile strength of UHPC was 15 MPa. Figs. 2 and
3 show the concrete compressive strength test on concrete and UHPC
composites, respectively. For steel bar diameters of 10 mm, and 13 mm,
three specimens were randomly chosen for the tensile tests. According
to the test findings, the yield strength of the rebar was calculated using
the average of three specimens. The average yield strength of rebars
D10 and D13 were 384.3 MPa and 432.5 MPa, respectively.

2.2. Description and construction of the specimens

The experiments were conducted in the structural test laboratory in
Ansan, Gyeonggi-do. The experimental program used a total of five test
specimens. The experiment included a preliminary investigation of the
performance of five specimens with the conventional design. The five
specimens consisted of one specimen with two shear-key, two speci-
mens with one shear key, and two specimens without shear key. These
specimens were prepared considering various positions of load and the
number of shear keys. The 5" RC-EC100 specimen was prepared by
pouring simultaneously using conventional concrete and without the
presence of a UHPC rib, to evaluate the behavior of the concrete.

The construction processes of the test specimens are shown in Fig. 4.
Details of the configuration of the UHPC shear-key connection wall are
given in Fig. 5. The sizes of the wall and UHPC rib were 1900 x 900
x 150 mm? (length x width X thickness), and 300 x 250 X 240 mm?>
(length x width x thickness), respectively. UHPC ribs with and with-
out shear keys were prefabricated to obtain the desired strength, then
assembled by casting with wall [30]. D13 reinforcement rebars were de-
signed for the UHPC rib and connected the shear key with the cladding
wall. Also, D10 reinforcement rebars were placed following the hori-
zontal and vertical cladding wall.

The information on the shear-key specimens is shown in Table 2.
The SKO-EC100 specimens had no shear key, while the SK1-EC125,
SK1-EC100, and SK2-EC30 specimens had one or two, respectively.
All specimens were combined with a cladding wall with an embedded
length of 20 mm. Note that, SK means the number of shear keys in the
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Fig. 2. Compressive strength test on concrete.

(a) Before experiment

(b) After experiment

Fig. 3. Compressive strength test on UHPC composites.

rib, and EC is the distance from the point load to the surface of the
cladding wall.

2.3. Shear key design

Fig. 5 shows the two types of trapezoidal-shape shear keys including
one shear key and two shear keys. The shear key has a depth of 20 mm
and an inclined angle of 6, tanf = 0.25. In this study, the shape and
dimensions of the shear keys were changed to reduce the local stress
concentration, also UHPC shear keys can effectively improve shear re-
sistance. Two distinct UHPC shear keys were subjected to testing to
assess their respective performances.

2.4. Experiment test setup

The test setup is given in Fig. 6. All specimens were cast using a se-
ries of wooden molds, as shown in the figure above. In the experiment,

the UHPC ribs were subjected to horizontal loads using a loading mech-
anism control. These specimens were subjected to controlled force by
a 1000 kN hydraulic UTM universal testing machine. The displacement
rate was set to be 3-5 mm/min. During the tests, a load cell was installed
horizontally to monitor horizontal load. A steel cylinder (or hinge) was
placed on the shear key to ensure that the lateral load was applied
to specimens perpendicularly. The load was measured by an internal
load cell. A total number of six linear variable differential transducers
(LVDT) and four LVDTs were placed on specimens to record the hor-
izontal deformations. One LVDT at the top of the UHPC rib recorded
rotation, while another at the outer border of the wall measured slip.
The position of the force applied to the UHPC ribs was varied in or-
der to observe the behavior of the UHPC rib and reinforcing bars, which
are affected by changes in shear forces and bending moments. Further-
more, the load capacity of the UHPC ribs was considered to be affected
by eccentricity. The experiment was carried out when insulation was
added to the upper portion of the wall. Fig. 7 depicts the eccentricities
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(b) Cladding wall

(d) Test setup

Fig. 4. Construction process of specimens.
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Fig. 5. Design of shear keys.

of 30 mm, 100 mm, and 125 mm used in the actual test. This analy-
sis was conducted to identify a suitable value for eccentricity distance
based on structural performance. However, in this work, the test has
limitation; the magnitude of the eccentric distance varies within an ac-
ceptable range depending on the testing equipment used.

3. Experimental results
3.1. Failure model and crack propagation

In specimens with the UHPC rib, their failure processes and modes
were similar. Figs. 8 and 9 depict the cracking patterns of five specimens
in the experiment. Two major failure modes were observed for all the
test specimens, rib, and wall failure. The failure mode of all specimens
occurred in the wall, except for the RC-EC100 case. The failure patterns

in the experiment were influenced by the number of shear keys and the
loading position.

For specimen SKO-EC100, the outer shell of the wall was damaged on
the left, right, and front side of the rib, as indicated in Fig. 8a. The first
crack appeared in the ribs and joints in the load direction. The UHPC
rib has a few cracks around the load area, three horizontal rebars that
resisted bending can be seen raised, and the concrete cracked and fell
off the upper wall surface. An ultimate load in the experiment of about
306.6 kN was obtained at 3.6 mm displacement on the upper part of
the rib.

For specimen SK2-EC30, as observed in Fig. 8b, small cracks initially
begin to appear in the coating, and the outer wall was damaged on the
left and right sides of the ribs. In the lower part of the rib, displacement
was 2.7 mm corresponding to an ultimate load of 903.6 kN. As can be



N.H. Cuong, H. An, T.-V. Han et al.

Results in Engineering 22 (2024) 102191

270 250
‘ 30 3‘43

UHPC Rib
LVDT

cladding wall
Steel rebars

7
=

150

-
- )|

-o!
e

200

50% 140 &50

2050 90 |50 20
5 5 5 5

220

250

250

(b)

wall:900x19Q0x150mm

30

Fixing anchor

| , o

e il Ko} O O 8
250 =S ol o
3 8

O O O O || s

\ 3]

(c) SHD10@250 LVDT \ SHD10@200 ‘
1900

Fig. 6. Details of the test setup: (a) setup plane; (b) shear key; (c) cladding wall.

Eccentricity
distance

b) 100 mm

Fig. 7. Loading position.

seen, on the back side of the UHPC rib, the cladding wall concrete has
a relatively weak compressive strength and was damaged because of
pushing failure.

For specimen SK1-EC125, as the experiment progressed gradually,
deformation was only observed in the concrete and the reinforcing bars
of the wall. There was a large diagonal crack over the surface of the
wall due to lateral loading and crushing near the UHPC rib. In addition,
the location of the initial cracking region increased to about 1/2~1/3 of
the long wall. When the maximum load was 210.9 kN, a displacement
of 1 mm was observed in the lower part of the rib. The failure modes of
SK1-EC100 are recorded in Fig. 8c. As observed, a displacement of 1.2
mm occurred in the lower part of the bone side corresponding with a
peak load of 320 kN. It seems that increasing the shear keys improved
the peak load by about 4.39% (from 306.60 kN to 320.70 kN). When

a bending moment occurred in the ribs, the stirrup bar installed at the
end of the UHPC ribs was damaged. Three horizontal rebars were bent
and created a visible rise in the concrete.

Unlike the four samples prepared using prefabricated UHPC rib and
cast-in-situ wall, the RC-EC100 specimens were produced by in-situ
casting of all components. In this case, the compressive strength of
the concrete was 36.1 MPa. When load was applied to the RC-rib-wall-
EC100 model, the crack in the rib spread and propagated, as indicated
in Fig. 8e. Some minor cracks appeared on the top surface of the wall,
and the shape of the rib changed as the concrete lower part of the rib
was damaged. At the same time, the rib reinforcement was also de-
formed. At the top of the rib, the peak load was 334.40 kN, while a
displacement of 2.5 mm was recorded in the lower part of the rib. This
test was different from the rest of the tests. The rib was damaged and
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(e) RC-EC100

Fig. 8. Damage process and failure mode of specimens.
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(c) SK1-EC100

Loading direction

(d) SK2-EC30

() RC-EC100

Fig. 9. Crack patterns in reinforced concrete.

deformed, and the deformation was significantly large. Cracks were al-
most observed on the rib. The reinforcement bars were damaged when
the load reached the ultimate load. Then, the initial cracks extended
from the center to the left and right corners and slowly expanded. Other
diagonal cracks appeared in the wall with a 30° ~ 40° angle in the hor-
izontal direction.

In general, similar failure processes and modes were observed across
most cases, primarily involving the failure of the UHPC rib and cladding

wall. The main cracks were observed on the top surface of the wall,
although RC-EC100 was an exception. For specimens with shear keys,
damage primarily occurred in the cladding wall, while for specimens
without shear keys, failure modes were similar to those with shear keys,
with some cracks appearing in the UHPC rib. There was no change in
the shape of the UHPC rib, and most of the deformation occurred only
in the concrete and the reinforcing bars of the wall. This is because the
high compressive strength of UHPC was 152.5 MPa compared to the
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Fig. 10. Results of experiment tests.

wall, with 36.1 MPa. This was attributed to the influence of the superior
strength and hardness of UHPC compared to conventional concrete. The
presence of shear keys appeared to enhance the structural performance
of the specimens, resulting in more controlled failure modes.

3.2. Load-displacement curves

Fig. 10 depicts the average load versus displacement curves for the
experiments. During the tests, the load-displacement curves were con-
tinuously recorded. The load capacity of the SK2-EC30 (903.60 kN)
specimen was the highest of the five cases, meanwhile, the lowest per-
formance was the SK1-EC125 case, with only 210.90 kN. For both cases
with an eccentric distance of 100 mm and one shear key, the maxi-
mum values of SK1-EC100 and SKO-EC100 were 320.70 kN and 306.6
kN. This value of SK1-EC100 was approximately 4.39% higher than
SKO0-EC100. These observations suggest that incorporating a shear key,
as implemented in the SK1-EC100 specimen, potentially enhances the
structural performance and contributes to a more robust load-bearing
capacity. For the cast-in-place concrete RC-EC100 specimen, the ulti-
mate load was 334.40 kN, and this value was 8.49% and 4.09% greater
than the SKO-EC100 and SK1-EC100, which had values of 306.60 kN
and 320.70 kN, respectively. There was little significant difference in
the displacement in all cases. The differences were not large, 1.50 mm,
1.01 mm, 1.2 mm, 2.7 mm, and 2.5 mm, respectively, in accordance
with Table 6. The initial cracking of specimens appeared at 30.9% to
80.1% of the ultimate load [31].

3.3. Comparison with design formula

In engineering practice, the ACI, AASHTO, JSCE codes, Kaneko et
al., as well as Rombach and Specker’s formula are the methods com-
monly used to calculate shear capacity [32], [33], [34], [35], [36],
[371, [38]. Except for the ACI code, the rest of the methods separate
the shear capacity into two parts, as shown below:

Vn = Auffy” (1)
Assumed a crack at an angle of @ degrees to the vertical axis,
V,= Avffy (usina + cosa) 2)

where y = 1.44 (concrete placed monolithically); A =1 for normal
weight concrete.

AASHTO (1999) established a formula that distinguishes between
shear strength supplied by key and the strength conveyed by the smooth
surfaces.

1000 -
] Residual Load (kN) 903.60
I Ultimate Load (kN)
800 |-
598.80
600
400 - 334.40
306.60 32070
288.98 281.13
210.90
200 184.40
1ﬂ
SKO-EC100 RC-EC100 SK1-EC125 SK1-EC100 SK2-EC30
Specimen
(b) Ultimate and residual load
Table 3
Summary of shear capacity by design formulation.
No Specimen AASHTO ACI Rombach JSCE K. Yoshio
Specker
1 SKO0-EC100 - 198.8 - - -
2 SK1-EC125 481.5 198.8 754.5 532.0 258.5
3 SK1-EC100 481.5 198.8 754.5 532.0 258.5
4 SK2-EC30 368.9 198.8 560.1 380.0 196.3
5 RC-EC100 - 235.7 - - -
V,=A\ ek (0.20480‘,, + 0.9961) +0.6A4,,,0, 3)

where V,, is shear strength; A, is the area of all keys in the failure plane;
fex is the concrete’s compressive strength; o, is the compressive stress
after allowing for prestress losses.

Rombach and Specker’s calculated shear strength equation is

G

where f! and A, are the concrete’s compressive strength and the con-
crete in contact, respectively; o, is normal compressive stress on the
concrete.

The formula in JSCE is

Ve =0.141" A +0.65 (A + Ay, 0,

(5)

where yu is the average contact friction coefficient; f C’ 4 s the compres-
sive strength (MPa); ¢,, average compressive stress acting on the shear
plane; A, is compression zone’s shear plane; b is the coefficient that
indicates the plane configuration and ranges between 0 and 1.

K. Yoshio et al. [39] established a shear design equation for calcu-
lating ultimate shear capacity in concrete shear key joints.

1n(1+fﬂ)

100

where Ay, f., 0,, A, are the area of the shear keys, characteristic
compressive cylinder strength of concrete, and confining pressure at
the joint.

Table 3 compares the shear capacities of structures according to
AASHTO, ACI, Rombach and Specker, K. Yoshio et al., and JSCE fol-
lowing the equation below. As can be seen, the Rombach and Specker’s
equation overestimated the shear capacity of the UHPC rib. The value is
the highest in all cases. In contrast, the ACI formula underestimated the
shear capacity of the structures. Whereas, K. Yoshio et al. appears to be
appropriate for SK1 specimen. The difference could be because factors

Vcw =H fc,a'o-ndl_bAcc + O'IAkfc/d

V, = A (496, +233) +0.64,,6, (/4 > 50 MPa) (6)
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Fig. 11. Details of the numerical model.

such as the shape of the shear keys, and the concrete strength of the
wall, are not considered. The contribution of the number of shear keys
to the shear strength is not completely taken into account. For one shear
key case, the shear strength results from the values of the AASHTO and
JSCE methods are higher than the value from the experimental test. The
design formulas employed in this section are intended for calculating
the shear capacity of contact surfaces. However, applying the existing
formula might not accurately predict the shear capacity of structures,
even though, according to ACI, the UHPC rib can be treated as a con-
crete corbel.

4. Numerical analysis

In the LS-DYNA program, simulating the behavior of concrete is ex-
tremely complicated because of its non-homogenous and anisotropic
nature. These models were carried out using a nonlinear static analy-
sis method. Conventional concrete was modeled using the KCC, and the
UHPC was modeled using the Winfrith. While steel reinforcement can
be modeled using the “MATO003 [40]. The proposed modeling approach
was then validated against the experiment results.

4.1. Geometric model

The complete models are shown in Fig. 11. The UHPC rib and wall
were modeled using solid elements, while the steel bars used beam ele-
ments. There was a total of 39904 elements (1744 beams, 38160 solids)
for SK2-EC30; the rest of the cases were 41689 elements (1744 beams,
39945 solids). The mesh sizes depended on the dimensions of the spec-
imens. In the FE modeling of all specimens, the beam element was used
for the steel bar D13. The steel bar was meshed at a 25 mm size, and the
cladding wall and UHPC rib were meshed at 10 mm, 22.5 mm, and 30
mm (see Fig. 11a). In all cases, the computational time of the model was
suitable for these mesh sizes. These results are found in many previous
works [41], [42].

4.2. Constitutive materials models

4.2.1. The KCC model

The KCC model, which is extensively used in research and practi-
cal calculation, was used to represent the mechanical behavior of the
concrete [43], [44]. Fig. 11 shows a material constitutive relationship
from this model, a three-surface damage model form of the plasticity
model. It consists of three shear surfaces, the residual failure, initial
yield, and maximum yield surfaces. Based on the magnitude of dam-
age determined at the material point, the actual yield surface utilized
by the KCC model is interpolated between two of these fixed surfaces.
Nine cards are required to define the complete set of model parameters.
A complete set of parameters for concrete with a compressive strength
of 45.4 MPa was proposed by Youcai Wu et al. [46]. In addition, to pre-
dict the behavior of another concrete, varying range 60 to 120 MPa,
ccalibration of the is essential. The scaling factor ¢ is depicted as fol-
lows:

!
_I
1,
fee
where f/" denotes the concrete’s unconfined compressive strength and
fl° =454 MPa. (See Fig. 12.)

The behavior of the concrete is affected by the parameters material,
maximum yield surface (ay, a,, a,), initial yield strength (ay,, a,,, a5)),
and residual failure surface (ay, a;, a,). The three pressure-sensitive,
independent strength surfaces were calculated

¢ )

A )4
é'(p)=a) + ———
i 0i n n

a,;tayp

(€))
where ag, = ¢ ag; ay, = ¢ af; @), = ¢aj,

Accordingly, the input parameters for concrete are given in Ta-
ble 4. The pressure-volume strain response also involves the use of an
Equation-of-State (EOS). The internal energy in the tabular equation of
state model may be estimated.

9

where g;,: volumetric strain; C,T': tabulated points for function; T,y:
unitless. Note that LS-DYNA will extrapolate to determine the pres-

P=C(£V)+yT(£V)E
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Table 4

Input parameters of the KCC model using the UHPC rib and normal concrete (Unit: MPa).
Parameters  f/"=36.1  f/"=60  f/"=90  f/"=120  f/"=152.5 f/"=180  f/"=200
a, 10.64 17.74 26.6 35.47 45.080002  53.209999  59.119999
a, 0.446300 0.4463 0.4463 0.4463 0.4463 0.4463 0.4463
a, 0.0022450 0.001347 8.98E-04 6.73E-04 5.30E-04 4.49E-04 4.04E-04
ag, 8.0369997 13.4 20.09 26.790001 34.049999 40.189999 44.650002
a, 0.625000 0.625 0.625 0.625 0.625 0.625 0.625
a,, 0.0071520 0.004291 0.002861 0.002146 0.001688 0.00143 0.001287
a, 0.446300 0.4463 0.4463 0.4463 0.4463 0.4463 0.4463
a, 0.0022450  0.001347  8.98E-04  6.73E-04 5.30E-04 4.49E-04 4.04E-04

4oy Table 5

Maximum yield surface

Initial yield surface

iS)

Fig. 12. The three surfaces of the KCC model [45].

sure. These material parameters were defined using the *EOS_TABU-
LATED_COMPACTION.

4.2.2. The winfrith concrete model

This model, which is a smeared crack model provided in an 8-node
single integration point continuum element, was utilized to simulate the
concrete behavior. This model provides unconstrained compression and
tensile strengths with the aim of creating output data, providing out-
put that includes information about the position and dimensions of the
cracks. Furthermore, this model may produce input parameters from a
single input value, indicating the concrete’s compressive strength. With
the input of particular parameters, it enables the automated production
of all parameters.

One of the most important capabilities is the ability to provide infor-
mation on crack propagation in concrete. Note that, the input parameter
for tensile cracking must be given. When strain rate effects are disabled,
this option determines the crack width, with normal tensile stress equal
to 0. Winfrith’s crack width formula depends on crack opening dis-
placement. As the displacement of the fracture grows, the crack length
expands, propagates, which leads to the creation of a new crack sur-
face. The specific fracture energy is the energy expended per unit area
during the cracking process, as depicted in Fig. 13. The crack width w
is represented by a constant ¢

10)

where G : specific fracture energy, f;: tensile strength.

These parameters can be utilized to determine crack width and were
calculated utilizing the equation in the CEBFIP Mode [47]. Table 5 lists
these input parameters in this model.

The parameters associated with the Winfrith concrete material model.

Parameter of concrete Compressive strength (MPa)

25 35 40 45 50
Density (g/mm?) 0.0023 0.0023 0.0023 0.0023 0.0023
Tensile strength f, (MPa) 2.75 3.253 3.478 3.689 3.889
Crack width FE (mm) 0.1 0.1 0.1 0.1 0.1
Aggregate size (mm) 16 16 16 16 16
r A
S
\
\
\
\
\
\
\
\
<\
G
Ly
0 T
- -
w

Fig. 13. Crack strain softening response in Winfrith model [48].

Table 6
Input parameters of the “MAT003 model.
Material Poisson’s Density p Young’s modulus Yield strength f,
ratio v (kg/m*) E (GPa) (MPa)
D13 0.265 7830 206 432.5
D10 0.265 7830 206 384.3

4.2.3. Steel model

The Hughes-Liu beam element with 4 integration points was used
to represent the reinforcement, which can be modeled using *MATO003.
This model can simulate isotropic and kinematic hardening plasticity.
Fig. 14 illustrates the elastic and plastic behaviors. Note that E,, is the
hardening stiffness of the bilinear stress-strain curve, and g is the hard-
ening parameter ranging between 0 and 1. Table 6 presents the input
parameters for the Winfrith model including Poisson’s ratio, density,
Young’s modulus, and yield strength for all of the simulations.

4.3. Rigid material

In these simulations, the loading part of the UHPC rib was modeled
as rigid, using *MATO020 [50]. This material offers an effective approach
to convert solid elements into a rigid body. Lateral loads were applied
to the loading part using the keyword *LOAD_NODE SET (see Fig. 11c),
which were attached to the joints of the UHPC rib. The material prop-
erties of the loading part are given in Table 7.
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Fig. 14. Stress-strain curve of rebar in the numerical simulation [49].

Table 7
Input parameter of the *MAT020 model.
Variable P P E N COUPLE M ALIAS
(kg/m’)  (GPa)
Loading part  0.265 7830 206 0 0 0 Blank none

4.4. Contact and boundary conditions

The steel rebar was modeled using the *CONSTRAINED_LARGRANGE _
IN_SOLID function. To effectively anticipate the reaction of structures
under load, bond-slip behavior modeling in LS-DYNA is critical. It can
also be used to analyze the impacts of various types of bonding and opti-
mize designs for better performance and safety. It was assumed that the
concrete and steel bars had a perfect connection [51]. This can lead to
an overestimation or underestimation of the load capacity of the struc-
tures. However, in this study, the structure was subject to static loads,
which also reduces calculation time. Therefore, a perfect bond between
the rebars and concrete was applied.

The contact option between the UHPC rib and wall was modeled us-
ing the *CONTACT _AUTOMATIC_SURFACE_TO_SURFACE function (see
Fig. 11b). In all cases, the part of the model was defined as slave or
master. These contacts were checked for penetration on either side of
the element. The horizontal force was applied to the UHPC rib using a
solid rigid cylinder or plate. Deformation of the cylinder and plate were
prevented by properly assigning a rigid material to their loading. The
movements were constrained following translation in the Z axis and ro-
tation around the X and Y axes.

5. Verification of the FE model
5.1. Ultimate load-displacement curves

Fig. 15 depicts the values and load-displacement curves obtained
from the numerical model. To verify the correctness of the developed
FEM, they were compared with the experimental results from the five
specimens. As can be seen, the model captured the load-displacement
behavior of the rib with a maximum strength difference of 5.85%. The
shapes of the predicted load-displacement curves were similar to the
measured response.

10
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Fig. 15. Load-displacement curves from the experiment and FEM.

As shown in Figs. 16 and 17, for all specimens (SKO-EC100, SK1-
EC125, SK1-EC100, SK2-EC30, and RC-EC100), the peak load from the
numerical model showed little difference from the experiment. Peak
loads in the numerical model of about 304.14 kN, 211.21 kN, 339.45
kN, 876.72 kN, and 325.63 kN were obtained at around 6.65 mm, 1.72
mm, 5.21 mm, 2.03 mm, and 3.37 mm, respectively. It was clear that
the highest peak load value was observed at 876.72 kN for SK2-EC30.
On the other hand, the lowest value was 211.21 kN for SK1-EC125. This
value is about 4 times lower than that of SK2-EC30.

The model predicted load against displacement curve with a maxi-
mum strength difference of 0.8%, 0.15%, 5.85%, 2.97%, and 2.69% for
five cases. Based on observations from the simulations, the first cracking
loads of the SK0-EC100, SK1-EC125, SK1-EC100, and SK2-EC30 models
were 206.46 kN, 148.10 kN, 120.34 kN, and 659.39 kN, respectively.
SK1-EC100 had the smallest cracking load of 120.34 kN, while SK2-
EC30 had the highest cracking load of 659.39 KN. The initial cracking
load for the model ranged between 120.34 kN and 659.39 kN. The SK2-
EC30 value was about 81.75% higher than the SK1-EC100 value.

In most cases, the load increased almost linearly with displacement
to about 80.1% of the ultimate load, after reaching maximum load, and
then the load began to decline gradually. It is noted that the elastic
stiffness of load-displacement in the numerical model was similar to
the experiment. In other words, the values predicted and measured for
ultimate load and initial stiffness, were fairly identical.

As can be seen, for the softening phase, the shapes were almost sim-
ilar for the simulation and experiment. However, the hardening phases
were less accurate than the experimental data. This can be explained
since these models were created by ignoring many parameters in the nu-
merical model, such as the bond-slip behavior between the concrete and
rebar, and there was no investigation of the hourglass effect. Nonethe-
less, these results are generally acceptable. The findings showed the
models were able to predict the load against displacement relationship
with sufficient accuracy. The experimental and numerical results of the
five specimens are given in Table 8. It presents the peak load and dis-
placement values derived from the five considered specimens as well
as the differences between the experimental and numerical results. The
experiment results were reliably predicted through the simulation.

This study focuses on predicting the peak strength of structures
rather than their post-peak behavior. The anticipation of the maximum
force was performed prior to conducting the experimental analysis,
and the outcomes exhibited a resemblance to the experimental results,
thereby substantiating the precision of both the utilized parameters and
the employed model. Consequently, this outcome has a substantial im-
pact on diminishing research expenses by reducing the requisite sample
sizes, component optimization, and reducing the duration of testing.
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Fig. 16. Comparison of experimental and numerical results: (a) SK0-EC100, (b) SK1-EC125, (c) SK1-EC100.
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Fig. 17. Comparison of the experimental and numerical results: (d) SK2-EC30, (e) RC-EC100.

Table 8
Results were obtained from both numerical and experimental methods.
Specimens SKO0-EC100 SK1-EC125 SK1-EC100 SK2-EC30 RC-EC100
Displ. (mm) Experiment 1.50 1.01 1.20 2.70 2.50
P Numerical 6.65 1.72 5.21 2.03 3.37
Experiment 306.60 210.90 320.70 903.60 334.40
Load (kN) Numerical 304.14 211.21 339.45 876.72 325.63
Error (%) 0.80 0.15 5.85 2.97 2.69

5.2. Failure behavior

The fracture patterns in the numerical models are depicted in
Fig. 18. In the FEM simulation, the crack pattern was visible on the
top surface of the wall. As observed in the simulation, the majority of
damage occurred around the intersection of the wall and the UHPC rib,
then the crack expanded to the left and right of the wall. One of the ad-
vantages of the FEA is that the crack pattern can be viewed inside the
specimen, which cannot be seen from the outside by eyes during the
test. Both the KCC model for the UHPC rib and the Winfrith model for
the wall predicted the concrete’s behavior with acceptable accuracy.

12

For SK0-EC100, SK1-EC125, SK1-EC100, and SK2-EC30, the fail-
ure mechanism was observed as follows: most of the damage occurred
around the connection between the UHPC and wall, and cracks in the
top face of the cladding wall also began to appear at this time. These
cracks then expanded and propagated. Around the concrete cladding
wall about 1/3 of the length was slowly damaged by cracks. The UHPC
kept its original shape. The region crack was similar, with the final
crack pattern can be seen clearly. The main cracks were observed on
the edge of the model.

These results demonstrated that the developed models could accu-
rately predict the test results. In this case, the crack length was close to
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(e) RC-EC100

Fig. 18. Comparison of failure pattern between FE and experiment results.

the experimental value. Also, the model could reliably detect the posi-
tion of the wall concrete failure, as well as recognize the location of the
damage, but it was not totally correct for the UHPC concrete failure.
The cracking and crushing of the steel bar could be observed.

For the RC-EC100 model, after the first cracking occurred in the rib,
the development of micro-cracks occurred between the existing cracks,
and the majority of the cracks continued to spread from a position in
the middle to the corner of the rib. The rib was deformed at the left,
right, and bottom of the rib. Major cracks occurred and were observed
on the rib. Then, the rib was severely broken, and could not bear the
load anymore. The simulation showed that some minor cracks occurred
on the top surface of the wall. Also, as can be seen, the reinforcement
bar was damaged. The reinforcing bars embedded in the concrete rib
were bent. Fig. 18 shows that the simulation and experiment failure
results were similar.

It is noted that the numerical model validation approaches were
not standardized. The differences between the numerical model and
the experiment result can be explained by some factors. The softening
process of the material in the constitutive model was a little different
than the actual observed behavior. Therefore, the constitutive model
for UHPC needs research and modification, including the hourglass, and
bond-slip phenomena in the future.
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6. Parametric analysis

In this study, SK1-EC100 and SK2-EC30 were employed to conduct
parametric studies of structural performance. The investigation concen-
trated mainly on the effect of concrete strength on the ultimate load
capacity of the models. The designed parameter considered in this study
was the strength of the concrete of the UHPC rib and wall. The range
of parameters was established as follows: unconfined concrete compres-
sive strength (f!) of UHPC rib fc’(UH pcy = 60~200 MPa; wall f! wall)
= 25~50 MPa. A total number of 20 scenarios were conducted, and
the dimensions and material properties of the specimens were constant.
In addition, three scenarios with varied eccentricity distances were in-
vestigated. The hardening parameter f was varied by 0.1 to 0.9 in the
*MATO003 model

6.1. Effect of the concrete strength of the UHPC rib

To examine the influence of concrete compressive strength on the
structures, these FE models were carried out using values varying from
60 MPa to 200 MPa. The concrete strength of the wall, yield strength of
rebars, and other parameters were unchanged. As depicted in Fig. 19a,
the value of the peak load for SK1-EC125 was recorded with 200 MPa
at 218.54 kN, while the lowest performance was 155.64 kN at 60 MPa.
This value was enhanced by 28.78%. When the compressive strength of
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Fig. 19. Results of parametric studies on the SK1-EC125 case.
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Fig. 20. Results of parametric studies on the SK2-EC30 case.

the concrete increased from 60 MPa to 200 MPa, the rest of the peak
loads were 178.52 kN, 208.03 kN, and 213.05 kN, respectively. The
simulation results for SK2-EC30 are illustrated in Fig. 20a. The peak
loads were 743.94 kN, 813.56 kN, 870.11 kN, 907.87 kN, and 910.23
kN, respectively. Generally, the peak load increased in all cases in both
models. Correspondingly, the displacements were 1.97 mm, 1.61 mm,
1.84 mm, 2.18 mm, and 2.51 mm, respectively. The shapes of the load-
displacement curves in most cases were similar. As expected, the peak
load was strongly influenced by the compressive strength of the con-
crete.

6.2. Effect of concrete strength on cladding wall

The load-displacement curves with various concrete compressive
strengths of cladding wall are displayed in Fig. 19b and Fig. 20b. As ob-
served, the lowest values were 190.06 kN, 743.94 kN, while the highest
values were 225.85 kN, 934.94 kN for the SK1-EC125 and SK2-EC30
models, respectively. By changing the concrete strength, the peak loads
of the models were raised from 12.99% to 15.84%, and conversely. At
the same time, the displacements were recorded with corresponding
values. The difference is not large with the acceptance rate. Because
the concrete modeling was accurate, the shape of the predicted load-
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displacement curve is similar to the measured response. This indicates
that the concrete compressive strength of the cladding wall, 36.1 MPa,
is suitable for both economical and technical benefits.

6.3. Effect of hardening parameter on reinforcement

A total number of 12 scenarios were conducted for SK1-EC125 and
SK2-EC30 to investigate the effect of the hardening model. The harden-
ing parameter f is investigated with a value ranging from 0.1 to 0.9.
Note that in *“MATO003 model, the value of f was greater than 0 and
smaller than 1. As shown in Fig. 21, the difference in ultimate load be-
tween the f values was less than 0.2% for both models. Therefore, the
simulation results are not sensitive to . Based on the ultimate load and
shape of the simulations, these values were compared to experimental
results, and the hardening parameter f equal 0.2 was recommended. All
results of the parametric study are presented in Appendix A. The effects
of the concrete strength and hardening parameter on the ultimate load
are summarized in Fig. 23. As expected, the ultimate load increased as
concrete strength increased, while the hardening parameter had little
effect on the ultimate load.
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Fig. 21. Effect of hardening parameter.

6.4. Predicted crack and failure pattern

The concrete cracks in the 20 models were recorded on the top sur-
face of the cladding wall. The concrete failure behaviors were observed
by the LS-DYNA, as shown in Appendix B. The numerical simulation
also captured cracks which could not be observed by eye. In all cases,
the numerical analyses showed that cracking occurred at the intersec-
tion between the rib and the wall. In general, the SK2-EC30 models
showed more cracks than the SK1-EC125 models. The types of cracks in
the SK1-EC125 models were similar even though the concrete strength
changed. As the peak loads increased, these cracks became larger and
extended toward the end of the wall. In addition, as observed, most of
the cracking occurred at the first and around the end position of the
rectangular.

Similarly, these phenomena were observed in the SK2-EC30 models.
Because the model had two shear-keys, cracks occurred in three posi-
tions, the beginning, middle, and end of the rectangular region. There
was a small difference, in that the analytical results showed cracks ex-
tending toward two side surfaces of the wall. Based on these results, it
was determined that the models were not much of a crack, almost the
crack type was minor crack and discontinuum. Some minor cracks did
develop toward the side surface of the wall.

A number of crucial recommendations are shown in Table 9, which
provides recommendations for the constitutive model as well as its input
parameters.

6.5. The effect of eccentricity distance

In this section, the effect of eccentricity distances on the overall
structural performance of SK2 specimens is examined. It is noteworthy
that, throughout the analysis, concrete strength, yield strength of rein-
forcement, and loading direction remain constant. Two scenarios of the
SK2 model were taken into consideration, involving different eccentric-
ity distances, namely 100 mm and 125 mm. Additionally, one scenario
of the SK1 model with eccentricity distances of 30 mm was investigated.

Fig. 22 illustrates that the ultimate loads of SK2-EC125 and SK2-
EC100 are 754 kN and 808 kN, respectively. Simultaneously, the dis-
placements are 4.5 mm and 2.61 mm, respectively. The maximum loads
in both cases are 13.9% and 7.4%, respectively, lower compared to
the SK2-EC30 model (876.72 kN). The ultimate load of the SK1-EC30
is 408.3 kN, exceeding the load of the SK1-EC125, and SK1-EC100 at
211.21 kN, and 339.45 kN, respectively. There is a substantial differ-
ence in the ultimate load. Concurrently, the corresponding displace-
ment is 4.7 mm. The ultimate load of the model is significantly en-
hanced by changing eccentricity distances, with ultimate loads 93.3%,
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Fig. 22. Effect of eccentricity distances on the structural performance.

20.3% higher than the two models. This value of SK1-EC30 is about 2
times lower than that of SK2-EC30.

Generally, as eccentricity distances increase, the ultimate load of
the specimen tends to be decreased in all cases. The numerical model
reveals the ultimate load is significantly influenced by the distance of
eccentricity. Relative to the models, there is a gradual reduction in load
discrepancies within the SK2 model, whereas the ultimate load of the
SK1 model changes quite quickly, potentially attributable to variations
in the number of shear keys. The two shear keys clearly increased the
others in shear resistance and deformation. As the shear key number
was increased from one to two, the elastic shear stiffness, and ultimate
and residual shear forces of SK2 rose. Compared with other circum-
stances, the elastic shear stiffness of the two shear keys increased than
the other cases, while the residual load rose by two to three times. In
addition, the final load was three to four times greater than in the other
cases.

By considering the eccentricity effects, numerical models under ac-
tual states were proposed for predicting the ultimate load of structures.
In the future, the findings of this study can be utilized for optimizing
the shape of UHPC rib design in residential buildings by using these
parameters within a defined range.
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Table 9

Modeling recommendations.
Component Constitutive model Parameter Value
UHPC *MATO72R3 Table 4
Normal concrete *MATO084/085 RATE 0 Default
Reinforcing steel *MAT003 Hardening parameter 0.2

Loading part *MAT_RIGID_(020)
Contact

Bar-concrete interface

_SURFACE_TO_SURFACE
*CONSTRAINED_LAGRANGE_IN_SOLID

Penalty stiffness
Perfect bond
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Fig. 23. Effect of concrete strength and hardening parameter on the peak lateral force.

7. Conclusion

Novel connections have been developed for the UHPC rib and
cladding wall in buildings to improve structural performance com-
pared to the conventional solution. A total of five specimens were built
and tested under static loading conditions to investigate the behavior
of this connection. The behavior of the reinforced concrete structures
were simulated by models in LS-DYNA. Five models were built to com-
pare with the experimental results, using both the KCC and Winfrith
in one model. The results obtained from the simulation demonstrated
that the model could acceptably estimate crack failure and the load-
displacement curve. In addition, parametric studies of the concrete
strength, and eccentricity distances were conducted to find the failure
mode and the peak load with one and two shear keys for UHPC rib
cases. The following conclusions can be drawn from the results of the
experiment and the numerical model:
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+ The shear capacity of the UHPC rib connection cladding wall was
influenced significantly by the number of shear keys and loading
positions. For the specimen with 2 shear keys, which enhanced the
load capacity about 3 to 4 times in comparison with 1 shear key,
without shear key specimens. In addition, the ultimate load of the
specimens is generally decreased with an increase in eccentricity
distance across all cases.

Almost all of the failure modes observed in the experiment oc-
curred on the cladding wall, except the RC-EC100 specimen. Due
to the concrete’s monolithic placement by the in situ cast solution,
there was an increase in load capacity compared to SKO-EC100.
In contrast, the concrete strength of the SKO-EC100 specimen was
different using wall and rib concrete, leading to crack failure oc-
curring in the connection position.

For the RC-EC100 specimen, diagonal cracks were observed in the
rib. There was an increase in load capacity compared with SKO-
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EC100 because the concrete was placed monolithically by the in
situ cast solution. In contrast, the concrete strength of the SKO-
EC100 specimen was different using wall and rib concretes lead to
crack failure occurred in the connection position.

The models were verified by comparison with the experimental re-
sults from five specimens. The curves of the rib were recorded with
peak load differences of about 5.85%, to compare with the exper-
iment. The shapes of the load against displacement curve were in
agreement with the measured responses.

The parametric study used UHPC compressive strengths ranging
from 25 MPa to 50 MPa for the wall and 150 MPa to 200 MPa
for the UHPC rib. This allowed for the prediction of the peak load
and crack failure inside and outside of the UHPC rib and cladding
wall. However, there were small differences in these results, about
3.62%, 7.08%, and 0.73%, 3.46% for the SK1-EC125 and SK2-
EC30 cases, respectively. In addition, the UHPC rib shape was
unchanged during the simulation. Therefore, the concrete strength
of the UHPC rib can be reduced while still maintaining safety and
saving on building costs.

This paper provided parameters and results that were used to ex-
amine the accuracy of the modeling methods for both reinforced
concrete and rebars. These results and recommendations regard-
ing the constitutive model, the bar-concrete interface, as well as
the value of conventional concrete and reinforcing steel may be
of value to other researchers using the LS-DYNA software. It is
clear that the load capacity was significantly influenced by a va-
riety of factors, including the number, shape, cross-sectional area
of the shear keys, and strength of the concrete and rebar. The re-
sults of the simulation analysis and testing showed that this is an
appropriate structure for future thermal bridges, even though the
dimensions, shape, and material properties of the UHPC ribs can
be changed.

However, in this work, one limitation of the study is the relatively
small number of specimens tested. This limited number of specimens
may potentially restrict the generalizability to different structure spec-
ifications. Employing a larger of specimens would facilitate a more
robust statistical analysis, ultimately enhancing the reliability and gen-
eralizability of the conclusions drawn from this research. In future
studies, the structural performance of these solutions will be conducted
simultaneously under diverse situational contexts.
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Appendix A. Results of parametric studies obtained from
LS-DYNA

See Tables A.10-A.12.

Table A.10
Abbreviations used.
Abbreviation Definition
SK0-EC100 PC2-SKO0-EccO
SK1-EC100 PC2-SK1-EccO
SK1-EC125 PC2-SK1-Ecc50
SK2-EC30 PC2-SK2-EccO
RC-EC100 RC-slab-rib
Table A.11
Results of parametric studies.
No.  Model Strength concrete Peak load  Displacement  Shear key
UHPC rib Wall
1 60 36.1 155.64 1.05 1
2 90 36.1 178.52 1.22 1
3 120 36.1 208.03 1.54 1
4 180 36.1 213.05 1.63 1
5 200 36.1 218.54 1.79 1
6 SK1-EC125 152.5 25.0 225.85 1.78 1
7 152.5 35.0 205.32 1.67 1
8 152.5 40.0 196.76 1.64 1
9 152.5 45.0 195.13 1.41 1
10 152.5 50.0 190.06 1.54 1
11 60 36.1 743.94 1.97 2
12 90 36.1 813.56 1.61 2
13 120 36.1 870.11 1.84 2
14 180 36.1 907.87 2.18 2
15 SK2-EC30 200 36.1 910.23 2.51 2
16 152.5 25.0 858.93 2.03 2
17 152.5 35.0 922.89 1.99 2
18 152.5 40.0 913.71 1.93 2
19 152.5 45.0 913.84 1.81 2
20 152.5 50.0 934.94 1.84 2
Table A.12
Results of parametric studies.
No. Model Strength concrete Peak load  Parameter §  Shear key
UHPCrib  Wall
21 152.5 36.1 229.35 0.1 1
22 152.5 36.1 247.01 0.2 1
23 SK1-EC125 152.5 36.1 224.79 0.4 1
24 152.5 36.1 221.21 0.6 1
25 152.5 36.1 223.09 0.8 1
26 152.5 36.1 215.66 0.9 1
27 152.5 36.1 870.24 0.1 2
28 152.5 36.1 875.38 0.2 2
29 SK2-EC30 152.5 36.1 868.16 0.4 2
30 152.5 36.1 877.53 0.6 2
31 152.5 36.1 875.23 0.8 2
32 152.5 36.1 875.8 0.9 2

Appendix B. Crack and failure of numerical models

See Fig. B.24.
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1. SKI-EC125(f, =60MPa) 2. SK1-EC125(f, =90MPa) 3. SK1-EC125(f, =120MPa) 4. SKI1-EC125(f,=180MPa)

5. SK1-EC125(f, =200MPa) 6. SK1-EC125(f, =25MPa) 7. SKI1-EC125(f, =35MPa) 8. SK1-EC125(f, =40MPa)

9. SK1-EC125(f, =45MPa) 10. SK1-EC125(f, =50MPa) 11. SK2-EC30(f, =60MPa) 12. SK2-EC30(f, =90MPa)

13. SK2-EC30(f, =120MPa)  14. SK2-EC30(f, =180MPa)  15. SK2-EC30(f, =200MPa) 16 SK2-EC30(f, =25MPa)

17. SK2-EC30(f, =35MPa) 18. SK2-EC30(f, =40MPa) 19. SK2-EC30(f, =45MPa) 20. SK2-EC30(f, =50MPa)
Fig. B.24. Crack and failure of numerical models.
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