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reinforcements in some parts, and the brittle behavior of concrete due to weakness in tension. The use
of fine aggregate and a lower water-to-cement ratio increases the strength, adding fibers to high-strength
UHPC concrete increases the softness and tensile strength of concrete, which is called high-strength
concrete with UHPFRC fibers with a compressive strength up to 200 MPa and a tensile strength of up to
14 Mpa. In this research, a technique for the numerical modeling of UHPC concrete is proposed using
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the LS-DYNA finite element software and modifying the tensile part of a normal concrete material

model and the available test data. The validated LS-DYNA model is used to study this concrete on the
cyclic behavior of short and thin shear walls. The use of this concrete in the boundary element of the

Ultra High-Performance Concrete

Ultra High-Performance Fiber Rein-
walls has a significant effect in improving their seismic behavior. In this research, the effects of different forced Concrete
Finite Element Analysis

LS-DYNA

parameters were investigated. It will be shown that an increment in the percentage of fibers up to 3%,
the wall’s lateral resistance and initial stiffness increase significantly.

Cyclic Behavior

1- Introduction

Concrete is widely used in construction, but it has
limitations, particularly its brittleness and poor performance
under tensile loads [1]. Conventional reinforced concrete
structures, especially shear walls, are critical for resisting
lateral forces such as those caused by earthquakes. However,
challenges like reinforcement congestion and inadequate
crack control make traditional concrete less ideal for seismic
applications.

Ultra High-Performance Fiber-Reinforced Concrete
(UHPFRC) addresses these issues by offering compressive
strength up to 200 MPa and tensile strength up to 14 MPa.
The addition of steel fibers improves the tensile capacity,
crack control, and ductility of the concrete [2]. This makes
UHPFRC a promising material for use in critical structural
elements such as the boundary elements of shear walls,
where tensile and compressive forces are concentrated during
seismic events.

This study focuses on developing a numerical model
using LS-DYNA software to simulate UHPFRC behavior
in shear walls and investigate how this material affects the
walls’ seismic performance, specifically in terms of lateral
resistance and energy absorption.

*Corresponding author’s email: epackachis@aut.ac.ir

2- Methodology

This research employed finite element analysis (FEA)
to simulate the behavior of UHPFRC in shear walls. LS-
DYNA, a powerful software tool for advanced dynamic
and static analysis, was used to carry out these simulations.
The concrete material model used in LS-DYNA, known as
the Winfrith model, was adapted to incorporate the tensile
characteristics of UHPFRC, particularly its ability to carry
tensile loads and resist crack propagation. This was achieved
by adjusting key parameters of the material model [3],
including tensile strength, post-cracking behavior, and energy
absorption properties.

The numerical model was built using brick elements to
represent the concrete and beam elements to model the steel
reinforcements. The walls were subjected to cyclic loading to
replicate the conditions experienced during seismic events.
The cyclic loading protocol applied horizontal forces that
simulated the lateral loads experienced by shear walls during
an earthquake.

The study also conducted a parametric analysis to explore
the effects of varying fiber content in UHPFRC and the
amount of steel reinforcement in the boundary elements.
Three different fiber content levels were considered: 1.5%,
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2%, and 3%. The reinforcement ratio in the boundary
elements was also varied to assess the potential for reducing
steel reinforcement without compromising the performance
of the walls.

3- Results and Discussion

e The numerical simulations produced several key
findings related to the seismic performance of shear walls
with UHPFRC boundary elements:

* Increased Lateral Strength: Shear walls with UHPFRC
in their boundary elements demonstrated a significant increase
in lateral strength compared to those constructed with normal
concrete. Specifically, the walls showed a 79% increase in
lateral strength when the fiber content was increased to 3%.
This improvement is attributed to the high tensile strength
of UHPFRC, which enables it to resist the tensile forces that
typically cause cracking in conventional concrete.

* Crack Control and Ductility: UHPFRC proved to be
highly effective in controlling crack propagation. The walls
that incorporated UHPFRC experienced fewer and narrower
cracks under cyclic loading compared to those made from
traditional concrete. This enhanced crack control not only
improved the overall structural integrity of the walls but
also reduced the likelihood of failure under seismic loading
conditions. Moreover, the walls exhibited increased ductility,
allowing them to deform more before reaching failure, which
is a critical characteristic for structures in seismic zones. The
cracking pattern and principal strain contour for wall W1 can
be seen in Fig. 1.

* Energy Absorption and Reduced Stiffness
Degradation: UHPFRC’s ability to absorb energy was
another significant finding. The walls with UHPFRC showed
better energy absorption, meaning they could withstand more
cyclic loading without suffering major stiffness degradation.
This is crucial for earthquake-resistant structures, as it allows
them to maintain their integrity over the course of multiple
load cycles, reducing the likelihood of sudden failure.

* Reduction in Steel Reinforcement: One of the most
notable outcomes of this study was the potential for reducing
steel reinforcement in boundary elements when using
UHPFRC. The results indicated that with UHPFRC, the steel
reinforcement in the boundary elements could be reduced by
up to 75%, while still maintaining or improving the overall
performance of the walls. This is particularly beneficial
from a construction standpoint, as it reduces reinforcement
congestion, making the construction process more efficient
and cost-effective.

e Parametric Study Results: The parametric analysis
revealed that as the fiber content in UHPFRC increased, so
did the lateral strength and ductility of the walls. For example,
increasing the fiber content from 1.5% to 3% resulted in a
substantial improvement in the seismic performance of the
walls. Additionally, the reduction in steel reinforcement was
more pronounced in walls with higher fiber content, as the
UHPFRC compensated for the reduced steel content through
its enhanced tensile and energy absorption properties.
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Fig. 1. Cracking pattern and maximum principal
strain fringe of W1 at 1.5% drift ratio

4- Conclusion

The findings of this study demonstrate that UHPFRC
offers significant advantages for the seismic design of shear
walls, particularly when used in boundary elements. The
use of UHPFRC in these critical areas of the walls results in
several key benefits:

* Enhanced Seismic Performance: UHPFRC
significantly improves the lateral strength, ductility, and
energy absorption of shear walls, making them more resilient
to the forces experienced during earthquakes.

Crack Control: The superior crack control provided by
UHPFRC reduces the spread and severity of cracks, which
in turn enhances the durability and long-term performance
of the walls.

* Reduction in Steel Reinforcement: The ability to
reduce the amount of steel reinforcement in boundary elements
without sacrificing performance is a major advantage of
UHPFRC. This not only simplifies the construction process
but also lowers material costs and reduces reinforcement
congestion, which can be a challenge in complex structural
designs.

* Energy Absorption: The increased energy absorption
capacity of UHPFRC enables the walls to withstand repeated
cycles of seismic loading without significant stiffness
degradation, which is critical for the safety and performance
of buildings in earthquake-prone regions.
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Fig. 1. Steel fibers used in concrete structures
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7Y G UHPFRC (25 polie Jgoyd JERY iyl
SUI
fo/00(GPa) o pdlas Slasin wlwl E AV Jge
VE/f(MPa) _ 2 ' S5 | e EES Cenglie
7, =-0.9V+9, y) F i 5 o
SO
2 e
vfCkT [ m?) G, [kJ /m*]=-14V +13V, - s
f/6(mm) 2G, W REI
w= ,
/i
Vo /108 (MPa) o pdlas Slasuie bl 5 f’ 6 Lid Canglie
c
Amm) o glas Slasie ol A SlaKae b ST
10
8
9
: g

b s 4

—_—idr Ll 2
0

0 0.01 0.02 0.03 004 005 006 007 0.08

5

Fig. 9. Tensile validation results
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Table 2. Test beam details
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Table 4. The main parameters of the beam force-displacement diagram

@.Lﬁ . ” . C‘,’,L‘G . ’ . ) )
“ g T R e L o b

@ polol ool LS-DYNA @ o Sl LS-DYNA
Ve Ve Ve \E/-Y Velof B15-1
AN N OF/A- Y-y \/f- B15-2

Max Prin Strain
222202
2.0000-02
1.778¢-02 |
15650.02 _
1.333¢-02
1410602
8.580.03 |
665603
4432003

noseax]
-1.526e-06

B15-1 i ySlas ol 55 9 (0595 S5 X!

Max Prin Strain
4.838e-02
4.354e-02
3.870e-02
3.385e-02
2.901e-02
2.417e-02
1.932e-02
1.448e-02
9.637e-03
1.7939433]
-5.021e-05

B15-2 ;i ySlae ol JyS 9 (F295 S5 X!

B15-2 g B15-1 15 jSTas ol 15,5 5 (5305 S5 o501 10 JSi5

Fig. 15. Cracking pattern and maximum principal strain of beam B15-1 and B15-2

) Sy 9ie g Ol > w3y g o slaygile)] aops ol Lialol
9 F, ) W3Sk (Si5eus 5 wela caglie 5 (0" 9" ] P
W1 g olsp bl e sdalio LB 5 Jgis 50 Jgaop (F)
4 (Sl byl b e oanlie VY JS5 )3 W2 ls 917 JS5 )
s (28] o yguo s a8 YU )08 b S 90 3l odlitnl b opd )b 5l s lsd
Uinlejl Oliw i Jlos! cing oas frloto a3 p3 A balgs> Jgbo ygm0 4

Al o oanline LB YA IS jo

dl.&vu.w'.n)i U»L.o‘): ).CY ‘;u;).: dl.&v)‘y) W4 9 W3 )1%3 90

b (slolos 5)Shos [YV] 0 S (o jl3nd g0 sl 550 152!

Dous oo dunlde ddol (slalgsd

2Rkl Gldlas byxe =) —F
(505 L 53 Jsbo @ gyl capas) o8 bl s b (slojlo slajlge
S Gl ply ) Caglie (gl glatan glaojls > 035 Hbo &
Coles g Job [VF] o) Ken g Luna clajiolojl 5 0540 0 odlizul

Slastie plo dg yiestlo Yo g e ¥ ey 4 Liolojl (cladiges

V1€TA



VEAY B VFOY docio VF¥ Jlo V) oyl OF 093 ¢3S paol () yos it &yt

T14 Hor. Bars
A

7

Y
5 (

@l

T16 Ver. B

1645mm
9
v
V1
I
2]

203mm T14 sfirrups with altemating
es

seismic

6T18 Ver. Bars in BE
Section B-8
Bet. hor. web reinforcement

T14 Crosste

;GT‘IG Ver. Bars in BE

Section C-C
Level of hor. web reinforcement

1/ A

51’22 i/l TMQ75M AJ 915
Section A-A
(o ()
[YE] W1 ,lg5 ©lisae N8 JSS
Fig. 16. Wall W1 reinforcement detail
T14 Hor. Bars A1 203mm
iR ]
T16 Ver. B: B 13 l T14 Hor. Bars
N
Section B-B

- —

- fatomm
=
— ‘

N

4270mm

{

5125 T14@75mm
ad

Fig. 17. Wall W2 reinforcement detail

AEAL

[Y€] W2l ©liss AV JSWG

[ o15mm |

Section A-A



Loading plate
\ Actuator
— | 1
© ©| 0000 I_Ij rl
© O 0000 L
— | 4

Dywidag bar

Foundation block \

Rigid wall

L LN

Rigid base

\

\ 4 A4

[YETW2 g W1 sl ,losd (1 bl Pliws LSy NA JSS

Fig. 18. Test setups for W1 and W2

ol e ] (a8 Jlac) (55 53 by laasS

2,8 dxnlye [YY] (6 Suue dlio

Jed i ! » UHPFRC (4,5,1 -y ¥

S)led i splell 3 odle Jao (03 yusi b 5w ol
38es 2 5l93 550 Sl UHPFRC (g S0l il o3
jlas 51 S o giladie o jelate pl 4 g o oy |y Loyl
g koS g Winfrith esle Jae § ol (2852 Jlga 50 slap el
!y Winfrith ssle Jie gMol jogad » b sla yisw Slowses 4
UHPFRC jl oo ol p3 0905 0 iy yo5 s oo UHPFRC (g3lude
50 5l ool 4y d g3 b sl S5 & p3Y 055 o o3l BUI Mo > Y L
Lasb g cnl lagn olps @i ledloll s ol 2 glite (i las
552 i el 5 ol g 53 Jaegs 5 45315 1 Ll S5,
Jaled 03y prusg ey Glisa b aslyl jd a8 Cowl odds 48 )3 Jlasys 5y
4>l 9 cnl slolell (58,98 5l (o pSsle (sl oo ol iy pas)ad
axg b giladan opl o o oalatwl ale Jio (63959 lasiie .(jLi 4o
Al o odalie LB Y Jada j3 oy lasuin ple g B Loy 4

FEVY S5 3 LS-DYNA 3 oud asl dga0ulial (slaJas

5 3 sjladin ide ol & asile [Y0] o)iSen o Hube
2 Y leed sl ¥l i b Ll (Jsb 4 gld)l) Sl slel s
L slaylgss [Y0] o), Ken g Hube (slaiolos] )3 39 (oo 4t )5 s
e b s ol el ISy Sl olinal b 2 ol
Ol cwl oxd Gilojl g asle 01574, <ol e Jb b

il o oanlia LB Y+ 518 lels > WA 5 W3 gl

b jlesd (goas Jao S wlosyd =Y -¥
Vot alie ML i ol 3 aglall 5 il i)
Colus £l §) Lol zls bl 5 adbos by giludio
YOIY xYO/F xYOIY e ojluil 5l b Jde (sdad y> ¢ jie ojli]  oxiw
ool el gypme S5 i, S— i dlal sl 0 o3litl jaskio
sasko YO/¥ o 031l b (san S Beam gblio ;1 ool L 58
i S plall eloo ) L s ol (elao S il o 48,8 Jai o
o8l G35 50 edse ol )3 g pledl oa b g Wl Sligien
sloo S oo (s3pm bl Jlac! (sl ol o Jfaich o iy JS1
O S Cjgo dr (NSl b ey Slox plad ) (ygrliig (0l
el Gieg] 3 35230 SIS S350 ol oS 5l 09,5 S, &
Loy 13 oS Jl a3 & olbels W2 5 W1 lajlys (sl 05

VEv-.



VEAY B VFOY docio VF¥ Jlo V) oyl OF 093 ¢3S paol () yos it &yt

00m;

400mm

Section A-A

(=

100mm

T5@90

Section B-B

(<l

925 S99y 3 Glod (@ )l Job e (& ¢jlgnd (o056 e (W1.[YD] W3 jleud Ol s 14 USS

Fig. 19. Wall W3 reinforcement detail

-
700m
Loading
Direction
E
8|
™,
v —w
B B
T8 Ver. Bars
£
=
EEs
0 o 9 T10 Ver. Bags T10 Ver. Bars
N @ — o
o) Ao
o~ -
B S
=
£
el
o
<
1400mm
Ad
(&
E
£l A
§ TQerJ
Loading =
Direction
v —w
B B
E
E
s
g 89 10710
o« P
o~ -
NULAN ] L
E|
E|
0|
]
~
1400mm
Ad
(&

=

300mm

100mm

T5@90

400mm

Section A-A

(=

T5@90mm

10T10
Section B-B

(<

1923 95295 31 Sl (@ yl2d Jsb ahaio (& ¢ylg3 (0555 aailo (WI.[YA] WA 1925 Olbja Yo JSG

Fig. 20. Wall W4 reinforcement detail

AEAA]



EAST

WEST

/ IN Beam-, 500 kN Actuator.

T &

T00 kN

Actuator Load cell
Steal plate
with rollers

= i
Plate
Plate Sto! bar
Wall -
apecimen

1 [

(&

L xa
/E y
mF

Steel beam

= :
Rualling Supgport

[ ]

SIDE VIEW

]

olalojl Qb (59519 31 slod (o cilojl ol (solay 51 (slod (I[YO] WA g W3 (gla,l5s3 (sl Lialojl obiaw .YV JSUS

Fig. 21. Test setups for W3 and W4

g 5lerd (ddiged Olaswin O Jgis

Table 5. Properties of the shear wall specimens
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Table 7. Input parameters of Winfrith for UHPFRC with 2% fiber volume fraction
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Fig. 22. FE models of walls
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Fig. 23. Comparing the results of the numerical model for the upper and lower limit of the friction
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Fig. 25. Force-displacement results for walls with different fiber volume fraction
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Fig. 26. maximum lateral strength of walls
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Fig. 27. The increase in maximum lateral strength with the increase in the fiber volume fraction
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