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Abstract

This research work, which presents a simplified technique of modelling steel fibers, uses python algorithm that can be directly run in
ABAQUS to automatically generate the location and orientation of steel fibers in a rectangular ultra-high performance concrete specimen,
so that the effect of steel fibers on the properties of such a specimen can be directly investigated through numerical simulation. This
method is fast, can be applied to structural members of bigger dimensions (like beams, columns, slabs) unlike the existing methods
that are only applicable to small size specimens, and also solves the problem associated with previous methods where some fibers
may be generated and placed outside the boundary of a specimen, leading to the discard and regeneration of those fibers. To assess
the validity of this method, experiments were conducted on the compressive properties of three ultra-high performance concrete cube
specimens and the shear performance of two ultra-high performance concrete beams, and the results were compared with the ones
obtained using this method. Results indicate over 97% agreement between the experiment and the numerical simulation in ultimate
compression force and shear resistance at shear crack and ultimate load phases. The comparison also reveals perfect agreement in the
failure mode and crack pattern of the specimens.
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1 Introduction

Steel fiber is simply described as a reasonably small dis-
crete steel element with short length and diameter, having
aspect ratio (i.c., length to diameter ratio) that ranges from
20 to 100, and may be in any of the several cross-sections
that can be ecasily and randomly dispersed in fresh con-
crete mix [1]. Studies on incorporating steel fibers into con-
crete initially started as a method of preventing/controlling
plastic and drying shrinkage in concrete [2], and also as
ameans of tackling the problem of the cost of stirrup instal-
lation; as well as the difficulty of placing fresh concrete
in a beam with closely-spaced stirrups [3]. These studies
led to the development of fiber-reinforced concrete which
gained popularity in the early 1960s due to its application
in the concrete industry [4]. Over the years, the use of ran-
domly oriented steel fibers in concrete has been reported
to improve the tensile strength [5] and the shear strength
of concrete [6], prompting ACI Committee 318 [7] to
allow the use of deformed steel fibers in place of minimum

stirrup reinforcement in its code. Steel fibers are of differ-
ent types as can be seen in Fig. 1 but the most commonly
used types in concrete are straight, crimped, hooked end,
twisted and stranded types.

The primary reason for introducing steel fibers into ultra-
high performance concrete (UHPC) mix is to improve
its toughness [8] and ductility property through matrix
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Fig. 1 Type of steel fibers
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reinforcement of the part of UHPC specimen or member
affected by micro crack formation, in order to minimize
the damage that may result from the micro crack forma-
tion and subsequent widening [9]. This minimization of
the damages resulting from micro crack formation has
been reported to improve the post-peak behavior of UHPC
specimens subjected to compression loading [10]. In terms
of UHPC members' performance, it has been reported that
the presence of steel fibers in UHPC members like beam
delays crack appearance and propagation [11], changes
crack patterns, and also minimizes crack width widen-
ing [9], which can eventually lead to the improvement of
shear and flexural capacity of the beam as existing stud-
ies [12, 13] have shown that the addition of steel fibers
in concrete results in a substantial increase in the con-
crete's ultimate shear strength. For instance, Narayanan
and Darwish [14] reported that the addition of 1% volume
of steel fibers in a concrete beam led to 170% increase in
its ultimate shear strength when compared to that with-
out steel fibers. The presence of steel fibers in UHPC is
mostly described in terms of volume fraction, but stud-
ies are also conducted on the use of different types of
steel fibers as well as different aspect ratios in UHPC
mix. Existing literatures [15—18] have shown that some
researchers even write UHPC as ultra-high performance
fiber reinforced concrete (UHPFRC), in order to empha-
size the importance of steel fibers in UHPC. Even though
experimental researches have proved that the use of steel
fibers in UHPC have great influence on the mechanical
and durability properties of its specimens and structural
members, researchers are yet to model its geometry into
UHPC specimens and members before they can be used
in finite element numerical simulation.

Some studies on the modelling of steel fibers and assem-
bling them into steel fiber reinforced concrete (SFRC)
specimens have been reported. Xu et al. [19] reported an
axisymmetric meso-scale modelling of hooked end steel
fiber with ANSYS and VPG software packages to simu-
late Split Hopkinson Pressure Bar (SHPB) tests of SFRC
cylindrical specimens. The fiber locations and orientations
were assumed to be randomly distributed and a MATLAB
program was used to generate them. The model yielded
good results but it is only suitable for small size specimens.
Liang and Wu [20] also developed a meso-scale modelling
of steel fiber reinforced concrete prism with high strength
based on Delaunay triangulation; and results showed that
high fidelity of numerical simulations was achieved. Fang
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and Zhang [21] investigated three-dimensional (3D) mod-
elling of SFRC subjected to intense dynamic loading; and
reported that the model predicts the response of the SFRC
specimen better than the homogeneous concrete model
that is frequently used by researchers. Most of the studies
on SFRC modelling were developed on the basis that the
model is two dimensional (2D) or pseudo 3D. More so, the
SFRC specimens were limited to small size cubes or cyl-
inders or prisms because manual process was employed in
placing the steel fibers in their locations; and this will be
a very cumbersome task for large specimens (like beams,
columns, and slabs) that may contain hundreds of thou-
sands/millions of steel fibers.

There exist several reports on the numerical model-
ling and simulation of the properties of UHPC speci-
mens or members, and discrepancies have been found to
exist between the experimental results and the numerical
results because steel fiber was not geometrically modelled
and placed in the assembled member model. For example,
16% difference in both ultimate load and deflection was
found between experimental and numerical (simulated
using ABAQUYS) results of the UHPC column in Hashim
et al. [22] research on developing a constitutive and dam-
age plasticity models for UHPFRC with different types
of fiber. Also, analysis of the crack and failure pattern
of the UHPC beams subjected to four-point shear load-
ing arrangement in Bahij et al. [23] numerical investiga-
tion showed that the numerical results of the crack (espe-
cially the formation of double diagonal cracks) and failure
pattern, as well as the post-peak load-midspan deflec-
tion behavior vary greatly from the experimental results.
In Solhmirzaei et al. [24] investigation of the shear behav-
ior of UHPC beams without stirrups, the numerical results
of the ultimate shear capacity of all the beams were lower
than the experimental results because steel fibers were
not incorporated into the modelled beams. The numeri-
cal results of the ultimate shear capacity of the UHPFRC-
normal strength concrete (NSC)/high strength concrete
(HSC) having shear span-depth ratio of 3.0, longitudinal
reinforcement ratio of 0.081 and 2% volume of steel fiber
investigated by Hussein [25] was below the experimental
results because steel fibers were not incorporated into the
model. Despite the availability of many researches on the
numerical simulation of UHPC members' properties, they
have all been modelled like normal or reinforced concrete
with adjustments to only material parameters based on
tests results; and this approach has led to:
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* Wide discrepancies (usually lower values of numer-
ical results) between experimental results and simu-
lation results.

» Inability to study the effect of steel fibers (i.e., steel
fiber volume fraction or aspect ratio or type of steel
fiber) on the UHPC member's behavior through
numerical modelling and simulation, except through
the casting of specimens for the different parame-
ters to be studied, and experimentally testing their
mechanical properties in order to obtain their differ-
ent material properties for modelling.

» High experimental cost from the preparation of dif-
ferent specimens for the different steel fiber param-
eters, in order to obtain their material properties for
modelling if the effect of steel fiber on UHPC is to
be studied.

To the best knowledge of the authors, no numerical model-
ling of steel fibers has been reported for UHPC members'
simulation, and so, no systematic way of investigating
the effects of steel fiber volume fraction or aspect ratio or
type of steel fiber on UHPC members' properties through
numerical modelling and simulation. So, this study seeks
to present a simplified way of using numerical simulation
to investigate the influence of steel fibers on UHPC prop-
erties or members' behavior at the lowest possible cost and
shortest time, in which the steel fibers are automatically
generated and placed in their random positions without
manual placement.

2 Methodology of steel fiber modelling

This steel fiber modelling technique is divided into two
parts. The first part deals with the calculation of the num-
ber of steel fibers in a UHPC specimen; and the second
part deals with the generation of the steel fibers' location,
orientation and their assembling. The significance of this
method can be seen in three innovative ways. The first is
its ability to be applied to both small and big size UHPC
specimens. The second innovation is seen in the ability of
the python script file to be run directly in ABAQUS for the
automatic generation and placement of the steel fibers in
their random location based on their orientation. The third
innovative nature of this method is the inclusion of the
part that takes care of both wall effect and size effect in
the algorithm; in order to ensure that the steel fibers close
to the boundaries of the specimens are aligned near the
boundary surfaces and prevented from being placed out-
side the specimen boundaries.

2.1 Estimation of the number of steel fibers in a UHPC
specimen or member
Generally, the steel fibers used in UHPC are of circular
shape; and as straight steel fibers were used for this study,
the circular shape was adopted. The total volume of steel
fibers (V, S‘f) present in a given volume of UHPC specimen
( Vsp) wholly depends on the percentage of steel fiber volume
fraction (V/ expressed in percentage) and the dimension of
the specimen [26]. So, it can be estimated using Eq. (1).
VSpr

Vs =00 M

The volume of a single steel fiber (me) depends on its
diameter (d) and length (L); and so, it is expressed as the
products of its area (4, f) and length as in Eq. (2).
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where 7 is a constant called pie =22/7
Therefore, the number of steel fibers (n_ f) in any UHPC
specimen can be estimated as:
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2.2 Generation of random steel fibers' location and
orientation in a UHPC specimen or member

An algorithm developed using Python programming lan-
guage for generating random fibers in a given area was used
to generate the location and orientation of the steel fibers.
The advantage of using Python code according to Blueberry
Blackcurrant [27] is that, the script can be run directly in
ABAQUS to generate any number of steel fibers and place
them in their required location based on their orientation;
thereby saving the time and energy that will be spent in
placing large number of steel fibers in a UHPC member.
This algorithm also builds the UHPC specimen alongside
the steel fibers. The algorithm has four different parts:

* The first part is the "def intersection” part that takes
care of practical placement requirements of fibers in
UHPC members by checking the spatial relationship
between the generated numbers of fibers, in order to
prevent their intersection.

* The second part is the "def fiber location" part. This
part is divided into three sub-parts. The first sub-
part is where concrete member is represented in the
algorithm as a rectangular specimen with length (L),
height (H) and breadth (B). The second sub-part is
where steel fiber is represented with fiber length



and fiber number evaluated using Eq. (3). The third
sub-part is the part where the orientation of the fiber
which by default rotates freely within 360° was
introduced as an evenly distributed random variable
with one of its end point determined and recorded
as ipoint (i.e., the starting point). Then with ipoint
known, the fiber length is rotated within 360° to
determine epoint (i.e., the second end point).

* The third part is the "Building the concrete part"
where the concrete geometry is generated.

* The fourth part is the "Combination Assembly" part
where both the generated steel fibers and the con-
crete are combined as an assembled model.

The "def fiber location" part of the algorithm takes care of
the wall effect and size effect by considering the concrete
specimen's dimensions as well as the initial and end points
of the steel fiber. These effects were built as fiber-speci-
men wall intersection signal in the algorithm. If the signal
is confirmed to be true, it takes the fiber position as i + 1
instead of i. If the signal is false, the fiber position is taken
as i. With this part of the algorithm, the steel fibers are pre-
vented from being placed outside the specimen's boundary
and automatically programmed from making contact with
the walls of the concrete specimen. The algorithm needs
to be copied from Python software to Notepad and saved.
After which ABAQUS is opened and the script run (sub-
menu) in the file menu (around the upper left corner) of
ABAQUS is clicked. And then the saved Notepad file is
selected for the geometry of the UHPC specimen or mem-
ber and steel fibers to be automatically generated. The algo-
rithm for UHPC beam of 1000 mm length, 100 mm height
and 50 mm breadth containing 1% volume of steel fiber of
40 mm length and 0.9 mm diameter is as follows:

from import*
from import*
import as

import

defintersection (a,b):
al =list(a[e])
a2 =list(a[1])
bl =list(b[e])
b2 =list(b[1])

vl =np.cross(np.array(al) -np.array(bl), np.ar-
ray(b2) -np.array(bl))

v2 =np.cross(np.array(a2) -np.array(bl), np.ar-
ray(b2) -np.array(bl))

dot_value= np.dot(vl, v2)/(np.linalg.norm(vl)
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*np.linalg.norm(v2))

v1l =np.cross(np.array(bl) -np.array(al), np.ar-
ray(a2) -np.array(al))

v21 =np.cross(np.array(b2) -np.array(al), np.ar-
ray(a2) -np.array(al))

dot_valuel = np.dot(vll, v21)/(np.linalg.
norm(vll) *np.linalg.norm(v21))

if dot_value==-land dot_valuel ==-1:
returnl

else:
returno

deffiberlocation (b):
Psi =np.random.uniform(@,2*math.pi)
Theta =np.random.uniform(@,2*math.pi)
x = b[@] +fiberlength*math.sin(Psi) *math.
sin(Theta)
y = b[1] +fiberlength*math.sin(Psi) *math.
cos(Theta)
z = b[2] +fiberlength*math.cos(Psi)
endpoint = (x,y,z)
return endpoint

L =1000.0
H =100.0
B =50.0

fiberlength=40
fibernumber=1965

fiber= [] *fibernumber

initialfiber= (np.random.uniform(-(H/2-fiberlength),
(H/2-fiberlength)),np.random.uniform(-(B/2-fi-
berlength),(B/2-fiberlength)),np.random.
uniform(-(L/2-fiberlength),(L/2-fiberlength)))

fiber.append((initialfiber,fiberlocation(initial-
fiber)))

i=1
while i <fibernumber:
ipoint= (np.random.uniform(-H/2,H/2),np.random.
uniform(-B/2,B/2),np.random.uniform(-L/2,L/2))
epoint=fiberlocation(ipoint)
if abs(epoint[@])<H/2 and abs(epoint[1])<B/2 and
abs(epoint[2])<L/2:
for j inrange(o, 1i):
signal = intersection(fiber[j],
(ipoint, epoint))
if signal isTrue:

break
fiber.append((ipoint, epoint))
i=1i+#
else:
continue
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myModel=mdb.Model(name="Model-1")

p =myModel.Part(name=’fiber’,
dimensionality=THREE_D,
type=DEFORMABLE_BODY)
p.ReferencePoint(point=(0.0, 0.0, 0.0))

for j inrange (0,fibernumber):
p.WirePolyLine(points=(fiber[j][0], fiber[j]
[1]), mergeType=IMPRINT, meshable=ON)

delp.features[‘RP’]
#Building the concrete part

s =mdb.models[‘Model-1’].
ConstrainedSketch(name=’__profile ’,
sheetSize=200.0)

g, v, d, ¢ =s.geometry, s.vertices, s.dimensions,
s.constraints

s.setPrimaryObject(option=STANDALONE)

s.Line(pointl=(-H/2, -B/2), point2=(-H/2, B/2))

s.VerticalConstraint(entity=g[2],
addUndoState=False)

s.Line(pointl=(-H/2, B/2), point2=(H/2, B/2))

s.HorizontalConstraint(entity=g[3],
addUndoState=False)

s.PerpendicularConstraint(entityl=g[2], enti-
ty2=g[3], addUndoState=False)

s.Line(pointl=(H/2, B/2), point2=(H/2, -B/2))

s.VerticalConstraint(entity=g[4],
addUndoState=False)

s.PerpendicularConstraint(entityl=g[3], enti-
ty2=g[4], addUndoState=False)

s.Line(pointl=(H/2, -B/2), point2=(-H/2, -B/2))

s.HorizontalConstraint(entity=g[5],
addUndoState=False)

s.PerpendicularConstraint(entityl=g[4], enti-
ty2=g[5], addUndoState=False)

p =mdb.models[‘Model-1’].Part(name="Concrete’,
dimensionality=THREE_D, type=DEFORMABLE_BODY)

p =mdb.models[‘Model-1’].parts[‘Concrete’]

p.BaseSolidExtrude(sketch=s, depth=L)

s.unsetPrimaryObject()

session.viewports[‘Viewport: 1’].
setValues(displayedObject=p)

delmdb.models[‘Model-1’].sketches[‘__profile__’]

# Combination Assembly

=mdb.models[‘Model-1’].rootAssembly
.DatumCsysByDefault(CARTESIAN)
=mdb.models[‘Model-1’].parts[‘Concrete’]
.Instance(name="Concrete-1’, part=p,
dependent=0N)
a.translate(instancelList=(‘Concrete-1’, ), vec-
tor=(0.8, 0.9, -L/2))
p =mdb.models[‘Model-1’].parts[‘fiber’]
a.Instance(name="fiber-1’, part=p, dependent=0N)

Q T o o

A flow chart to the algorithm is presented in Fig. 2(a) to
help understand how it is used. The geometry of the UHPC
beam together with the generated steel fibers, which took
only six (6) minutes and twenty (20) seconds to execute
using this simplified approach, is shown in Fig. 2(b).

3 Ilustrative examples

These illustrative examples were carried out in order to
check the correctness and accuracy of the proposed method.
This is because the validity of the proposed method can
only be assessed through the difference in its results and
the results from experiments (which is the true and practi-
cal representation of the specimens' behavior). Also, prior
to the development of this simplified method, ultra-high
performance concrete specimens have always been mod-
elled by researchers like normal concrete without including
the presence of steel fibers. So, these illustrative examples

Calculate the number of steel fibres
using Eq. (3)

Enter L, H, B,

Copy & paste|
the algorlthm* fibre length, y Ngr::azh:ile
in a Notepad fibre number

Open
ABAQUS
Package

Click the
FILE menu

Find the
Notepad
file and
selectit

Wait for the model containing the steel fibre and the
plain UHPC to be generated

(@

(b)
Fig. 2 (a) Flow chart to the algorithm, (b) Geometry of the UHPC beam
and the generated steel fibers (Scale is 1:20 mm)



were considered through: (1) this proposed method (2)
experiment (3) normal concrete modelling method with-
out including the presence of steel fibers. And results were
collected from the three different methods to see which of
the results (between the proposed method and the normal
concrete modelling method) is the closest to the results
obtained from experiments (experimental results were
taken as the reference results). If the results from the pro-
posed method are closer to that from experiments than
the results from normal concrete modelling method, then
the proposed method will be considered as more effective
and more accurate than the normal concrete modelling
method. Otherwise, the proposed method will be consid-
ered as less effective and less accurate than the normal
concrete modelling method.

3.1 Experimentation
The use of this simplified and cost-effective approach is
demonstrated through two tests:

(1) The investigation of the effect of steel fiber on the
compressive properties of UHPC cube specimen of 100
mm length, 100 mm height and 100 mm breadth: Three
UHPC cube specimens were cast and subjected to uni-
axial compression test as shown in Fig. 3 based on [28]
to study its compressive properties at 2% volume of steel
fibers after 28 days curing in water. Before carrying out
the compressive strength test, the cubes were weighed for
the evaluation of their densities and the average was taken
as the density of UHPC cube specimen. The results of the
compressive strength test from this experiment were com-
pared with that obtained from numerical simulation using
0, 1 and 2% volume of steel fibers.

(2) The shear performance of ultra-high performance con-
crete beam: Beam specimen of size 100 x 200 x 1200 mm?
was made in accordance with [29, 30] design principles
with a clear concrete cover of 20 mm. The longitudinal

plate

UHPC cube
specimen

Support
plate

Fig. 3 Compressive strength test setup

Smith and Xu | 3/' 3
Period. Polytech. Civ. Eng., 67(1), pp. 308-324, 2023

reinforcement ratio (p) was kept at 0.0185; and the tensile
reinforcement was bent up at 90° to a length of 150 mm
(i.e., >3 x longitudinal tension steel diameter) and together
with the compressive reinforcements was tied to the stir-
rups with steel wire mesh. The beam was over reinforced
in flexure with 214 high strength steels in the tensile
zone; 2d6.5 in the compression zone and 6®D6.5 in shear
to ensure only shear failure by making sure that the flex-
ural moment of the beams exceed the moment caused by
the applied shear load. For shear reinforcement, Narayanan
and Darwish [14] analytical equation for steel fiber rein-
forced concrete design, expressed in Eq. (4) was used to
design the UHPC beam.

V=V, +V, @

V.=|ex|0.24 ,—+07+ |Fy |+80p— |+1.7F, |bh

®)
I
Fp= 2 Ve xa (©6)
S
A f.d
VS —‘\‘Sf%\ ; Vit = 2 X Vu (7)
, a, h+c-a,
Ay, f,, +0 ,bh
o, =080, La, = "0 Ge ©)
d nf.b+o,b B

Where, V, is ultimate shear force; V., is shear force in
UHPC; V,_is shear force in stirrups; e is arch action fac-
tor = 1.0 for a/d > 2.5 and 2.5 d/a for a/d < 2.5; f, is com-
pressive strength of UHPC; F fis fiber factor; lfis length of
fiber; d /, is diameter of fiber; Vfis fibre volume fraction; o is
bond factor = 0.5 for straight steel fiber; p is longitudi-
nal reinforcement ratio; d = effective depth of the beam;
a is shear span; b is breadth of the beam; / is the height
of the beam; A is cross sectional area of two-legged stir-
rups; f is yield stress of stirrup; s is stirrup spacing; M
is moment due to applied shear load; M is flexural moment
of the beam; 4 , = cross sectional area of longitudinal rein-
forcement; a, is depth of equivalent compressive block of
beam; o, is post cracking strength of fiber reinforced com-
posite; ¢ is neutral axis depth of beam; r/.is frictional bond
strength of fiber matrix = 0.66\/2 in N/mm?; fy ,1s yield
stress of longitudinal reinforcement; # is concrete stress
block parameter = 0.86 for f, > 55 N/mm?; and §, is con-
crete stress block parameter = 0.65 for f, > 55 N/mm?.
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Fig. 4 Longitudinal-cross sections of the UHPC beam with stirrups

Fig. 4 shows the longitudinal-cross section of the UHPC
beam under shear load application.

Two UHPC beam specimens, one with stirrups and
one without stirrups were cast for shear test. The beam
with stirrups was designed to have 200 mm c/c stirrup
spacing and the two beams were subjected to four-point
loading configuration using shear span-effective depth
ratio (a/d) of 1.5. Load and displacement control system
was used to apply the shear load in order to determine
the UHPC beams' cracking strength, ultimate strength,
midspan deflection, crack pattern and failure mode in
accordance with GB/T 50152 [31]. The cracking strength
and ultimate strength were measured from the load cell
on the hydraulic jack, while the crack pattern and fail-
ure mode were observed and analyzed. Two strain gauges
were glued and soldered to two stirrups, one each on
the stirrup after each support to measure the strains in
the stirrups. Also, three strain gauges were fixed on the
UHPC beams to measure its strains in accordance with
GB/T 50152 [31] procedure. And three dial gauges were
mounted on the beam, one at the concrete midspan and
the remaining two at the two supports (that is 75 mm
from the two ends of the beam) to measure the midspan
displacement of the beam at every loading step as illus-
trated in Fig. 5.

Modified Andreasen and Andersen model [32] expressed
in Eq. (10) was employed for the UHPC mixture design;
and the mixture proportion for 1 m* UHPC specimen is
shown in Table 1.

D! _Dglin

where, P(D) is the volume fraction of the total solids
smaller than size D; D is the particle size (um); D___is the
maximum particle size (um); D_. is the minimum parti-
cle size (um); ¢ is the distribution modulus (¢ < 0.25 for
fine particles).

Loading point using
hydraulic jack

Concrete --lispzl
S rt dial el dial guage
Stirrup
strain
guagel
Concrefe strain
es

reinforcement strain ﬁ:e

250 250

75 1050 75
1200

Fig. 5 Shear test set up

Table 1 Mix proportion for I m*> UHPC beam

UHPC ingredients Quantity (kg/m?)
P.O 52.5 Cement 461.01
P.C 42.5 Cement 322.70
Quartz sand (<1 mm) 922.01
Granite (5-10 mm) 412.50
Silica fume 138.30
Steel fibers 133.45
Superplasticizer 22.50
Water 166.25

3.2 Material and geometry modelling

The cube and beam models (geometry, materials, and
constraints) were both developed using ABAQUS/CAE
2017 software and finite element analysis method was
used to simulate the shear performance of the UHPC
beam. In terms of geometry, the steel fibers through the
algorithm in Section 2.2 was modelled as three-dimen-
sional (3D), hex-deformable wire beam element; while
the UHPC, also through the same algorithm was mod-
elled using the three-dimensional (3D), hex-deformable
solid (brick) element having three degrees of freedom
at each of its nodes. The stirrup in the beam was mod-
elled using the three dimensional (3D), hex-deformable
wire truss element. The steel-plates used for supports and
load points, and steel reinforcements were modelled using
the three-dimensional (3D), hex-deformable solid (brick)
elements having three degrees of freedom at each of its
nodes. Fig. 6(a) shows the generated 1% volume of steel
fiber (containing 24485 steel fibers) in the UHPC cube and
Fig. 6(b) shows the generated 2% volume of steel fiber
(containing 1175298 steel fibers) in the UHPC beam.



Material wise, the steel fiber, tensile and compressive
steel reinforcements, stirrups, support and load plate were
modelled using elastic-plastic approach using its properties
(provided by the manufacturer) shown in Table 2. These
parameters among many others are default parameters

(b)
Fig. 6 (a) Generated 1% volume of steel fiber in UHPC cube
(Scale is 1:10 mm), (b) Generated 2% volume of steel fiber in UHPC
beam (Scale is 1:20 mm)

Table 2 Material modelling parameters

Steel

Parameter UHPC reinforcement Steel

fiber

14mm 6.5mm

Compressive strength 157 ) ) )
(N/mm?)
Tensile strength (N/mm?) 6.52 702 552 -
Yield stress(N/mm?) - 650 414 2850
Elastic modulus (N/mm?) 44600 210000 210000 210000
Poisson's ratio 0.2 0.3 0.3 0.3
Density (kg/mm?) 2.5E-9 78E-9 78E-9 7.8E-9
Dilation angle y (0) 33 - - -
Eccentricity 0.1 - - -
Jb0/fc0 1.16 - - -
K 0.667 - - -
Viscosity parameter 0 - - -
Diameter (mm) - - - 0.20
Length (mm) - - - 13
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programmed in ABAQUS package for the material mod-
elling of structural specimens or members. The choice
of parameters for the numerical simulation of any struc-
tural element in ABAQUS therefore depends on the type
of Finite Element Analysis (FEA); and since dynamic
explicit analysis was employed for this study, the parame-
ters in Table 2 were automatically chosen by default.

Plastic-damage model for concrete developed by
Lubliner et al. [33], which states that plastic degradation
occurs only in the softening range and that the stiffness
is proportional to the cohesion of the material as shown
in Eq. (11), was employed as it is the only ABAQUS
model with the capability of not only studying the inelas-
tic behavior of UHPC but can also be used to perform
UHPC's static and dynamic analysis.

£_c
E, c

=1-d, an

max

where ¢ and c_, are the cohesion in the yield criteria
which is proportional to stress and the strength of the
concrete respectively; E and E are the current degraded
stiffness and initial (that is undamaged) elastic stiffness
respectively; and d is the plastic degradation.

So, the UHPC was modelled with elastic and con-
crete damage plasticity (CDP) concept using the mechan-
ical properties determined from uniaxial compressive
strength, tensile strength, elastic modulus and Poisson's
ratio experiments and other required parameters shown in
Table 2. Besides the three UHPC cubes tested for uniaxial
compressive strength, three UHPC dog-bone specimens
were cast, cured for 28 days and tested for tensile strength
in accordance with T/CBMF37-2018 [34] recommen-
dation. Also, three prismatic specimens were cast using
100 mm % 100 mm % 300 mm mold and cured for 28 days
to determine the elastic modulus and Poisson's ratio of the
UHPC specimens in accordance with CECS13-2009 [35]
specification. The default values in ABAQUS for dilation
angle w(°), eccentricity, ratio of initial equibiaxial com-
pressive yield stress to the initial uniaxial compressive
yield stress (fb0/fc0), ratio of the second stress invariant
on the tensile meridian to that on the compressive merid-
ian (K), and viscosity parameter were used for this study.
Concrete damage plasticity (CDP) approach described in
Eq. (12), develops the constitutive behavior of the UHPC
cubes and beams by presenting the scalar damage vari-
ables for both compressive and tensile response (i.e., dam-
age variable in tension, d, and damage variable in com-
pression, d ) under uniaxial loading.
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o =(1-d)E,(c-&"), (12)

where o is the stress; ¢ is the total strain and & is the plas-
tic strain.

The CDP approach describes mainly two failure mech-
anisms: tensile cracking and compressive crushing of con-
crete. The yield surface is governed by two hardening
variables: plastic strain corresponding to tensile strength
of concrete (¢/") and plastic strain corresponding to com-
pressive strength of concrete (¢ /), which are associated
to the failure mechanisms under tension and compression
loading respectively. The compressive and tensile damage
needed to model the non-linear and complex behavior of
concrete in ABAQUS were estimated through Egs. (13)
and (14) [36] using the experimental data in Table 2 and
Fig. 7 (stress-plastic strain values).

-1
d.=1- oL or
gl U —1} +o E
-1
d,=1-— %L (13)
' el (1-b,)+0 E;
-1
d=1- ok, or
el (;—1}0[51
t
-1
d=1-— Ok (14)
" (1-b,)+0,E;
i d.oc
gp/ :gm _ e 1
T T (i=d,)E, =
do
8[71 =gcr Ot
" (1-4)E, (16)
=g, or sc—% 17)
e =g~ or g -2t (18)

0

Whered ,d,o,0,E ,¢,¢,e", el e ¢ ¢ and g
are compressive damage parameter which ranges from 0
to 1, tensile damage parameter which ranges from 0 to 1,
compressive stress of concrete, tensile stress of concrete,
modulus of elasticity of concrete, total concrete strain in
compression, total concrete strain in tension, plastic strain
corresponding to compressive strength of concrete, plastic
strain corresponding to tensile strength of concrete, elastic
strain of concrete in compression, elastic strain of concrete
in tension, inelastic strain of concrete in compression,

cracking strain of concrete in tension respectively. b_
and b, are constant parameters with values 0 < b, b < 1
(b,=0.7and b,=0.1).

Considering the constraints and interaction applied to
the UHPC cube, firstly, the steel fibers in the UHPC was
modelled as steel fibers in embedded region with the plain
UHPC acting as the host region and the steel fibers acting
as the embedded element. Secondly, the support and load
point surfaces of the UHPC cube were modelled using
rigid body tie constraint. Thirdly, the support point of the
plain UHPC was modelled using fixed support bound-
ary condition; and a displacement load was applied at the
loading point of the UHPC cube using dynamic explicit
procedure to carry out Finite element numerical simula-
tion of the uniaxial compression of the UHPC cube at 0,
1 and 2% volume of steel fiber. In terms of the constraints
and interaction applied to the UHPC beams, tie constraint
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Fig. 7 (a)Compressive stress-plastic strain curve, (b) Tensile stress-

plastic strain curve



was applied to model the surface of the UHPC beam to
the surfaces of the supports and load points, with the plain
UHPC acting as the slave surface; and the supports and
load point surfaces acting as the master surfaces. Also,
the steel fiber, tensile and compressive steel reinforce-
ments and stirrups were modelled as steel fiber-tensile
and compressive steel reinforcements-stirrups in embed-
ded region, with the plain UHPC acting as the host region
and the steel fiber-tensile and compressive steel reinforce-
ments-stirrups acting as the embedded element. Pinned
support boundary condition was used to model the sup-
ports of the beams; while displacement load was applied
at the load points using dynamic explicit procedure with
a time period of two seconds to carry out the numerical
finite element analysis of the shear performance of the
UHPC beams.

The assembled UHPC cube containing the plain UHPC
cube and steel fibers were seeded using the mesh size
of 10 mm; while the assembled beam containing plain
UHPC, steel reinforcement, supports and load point plates
was seeded using the same mesh size of 20 mm to avoid
the problem of node incompatibility. Fig. 8(a) and Fig. 8(b)
illustrate the geometry (containing the constraints and
boundary conditions) and the meshed UHPC cube, respec-
tively, while Fig. 8(c) and Fig. 8(d) show the geometry and
the meshed UHPC beam.

Displacement

f=—— |,.d

Fixed boundary
condition

@
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4 Results and discussions

4.1 Failure mode and deformation pattern of the
UHPC cube

The UHPC cube for 0, 1 and 2% volume of steel fiber all
have type 6 failure modes according to [37]. Fig. 9(a) shows
that the cube with 0% volume of steel fiber has a highly
dense deformation pattern that is more concentrated at
the right-hand side of the cube than the left-hand side.
The deformation pattern of the cube with 1% volume of
steel fiber as shown in Fig. 9(b) is similar to that with 0%
volume of steel fiber except that it has a less dense deforma-
tion and projects more towards the center than that of 0%
volume of steel fiber. The deformation pattern of the cube
with 2% volume of steel fiber is less dense than that with
1% volume of steel fiber as can be seen in Fig. 9(c). The dif-
ference between the three UHPC cube containing 0, 1 and
2% volume of steel fibers is in the density of their defor-
mation in terms of cracks represented by red coloration
in Fig. 9(a)—(c). While Fig. 9(a) has the most deformation,
Fig. 9(b) underwent lesser deformation than Fig. 9(a) and
Fig. 9(c) has the least deformation. This means that as the
% volume of steel fiber increases in a UHPC cube, the cube
will undergo less deformation before its failure. The ability
of the cube to undergo less deformation when steel fiber is
added to the cube mix may be due to the ability of the steel
fibers to bear the stress on the cube and re-distribute them

(®

©
Fig. 8 (a) UHPC cube geometry and boundary condition, (b) Meshed UHPC cube (Scale is 1:10 mm), (c) UHPC beam geometry and boundary
condition (Scale is 1:20 mm), (d) Meshed UHPC beam (Scale is 1:20 mm)

@
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1% volume of steel fibre (Numerical)

(®)

2% volume of steel fibre (Experiment)

)

Fig. 9 (a) Deformation pattern of UHPC cube with 0% volume of steel
fiber (Numerical), (b) Deformation pattern of UHPC cube with 1%
volume of steel fiber (Numerical), (c) Deformation pattern of UHPC
cube with 2% volume of steel fiber (Numerical), (d) Deformation
pattern of UHPC cube with 2% volume of steel fiber (Experiment)

to other parts of the cube [38]; and the reason for less defor-
mation when the cube' steel fiber volume is increased is due
to the stress been borne by more steel fibers. Furthermore,
Fig. 9(d) shows that for 2% volume of steel fiber, the fail-
ure mode and deformation pattern of the UHPC cube from
experiment is in total agreement with that from numeri-
cal simulation. Also, the deformation pattern of the cube
with 0% volume of steel fiber is completely different from
the two cubes with 1 and 2% volume of steel fibers, even
though the material properties of the UHPC cube with 2%
volume of steel fiber obtained from experiment was used
to model it. This clearly shows that this approach of read-
justing the material properties (that has been employed by
researchers) in modelling steel fiber reinforced concrete
or ultra-high performance concrete specimens and mem-
bers for simulation cannot give reliable results; and so,
this simplified approach can be used to get a more reliable
results of the true failure mode and deformation pattern of
UHPC cube specimens.

4.2 Compression force-displacement behavior of the
UHPC cube

Fig. 10 illustrates the compression force-displacement
relationship of the UHPC cube and the results displayed
similar trend for both experiment and numerical simula-
tion (for the cubes modelled with steel fiber). The results
showed that increase in % volume of steel fibers in the
UHPC cube leads to increase in compressive force and
decrease in deformation (in terms of displacement) of the
cube. So, ifa UHPC cube specimen is modelled and numer-
ically simulated for compressive strength without includ-
ing the physical geometry of steel fibers (as it is being done
by researchers), as represented in this study by 0% volume

o
160 | EEe e
: 140 / ;/ -— I:::narlcalj
% s i f{/// //// l_vol. % steel
£ 100 FECEHAE fibre
l-g = /// / (Numerical)
-é 60 / , / w2 vol. % steel
g - '// / IiEl:(meriment)
B EE T ‘
i ! = ——2vol. % steel

. fibre

. (Numerical)

" 2 4 6
Displacement (mm)
Fig. 10 Uniaxial compressive force-displacement curve of the
UHPC cube



of steel fiber, the ultimate simulated values of compres-
sion force and displacement will be much different from
the experimental values. The experimental cube (contain-
ing 2% volume of steel fibers) has an ultimate compres-
sive force and displacement of 1570000 N and 4.25 mm,
respectively, while the numerically simulated cube (con-
taining 2% volume of steel fibers) has an ultimate com-
pressive force and displacement of 1575000 N and 4.5 mm
respectively. However, the numerically simulated cube
containing 0% volume of steel fiber has an ultimate
compressive force and displacement of 1380000 N and
5.80 mm, respectively. Further analysis revealed that the
ultimate compressive force of the numerically simulated
cube containing 2% volume of steel fibers is only 0.3%
higher than the experimental cube containing 2% volume
of steel fibers; while the ultimate compressive force of the
numerically simulated cube containing 0% volume of steel
fibers (which is always used by researchers to represent
the numerical model of UHPC cube specimen) is about
12.1% lower than the experimental cube containing 2%
volume of steel fibers. This means that the inclusion of
the 2% volume of steel fiber in the numerical model of the
UHPC cube contributed about 12.4% additional resistance
to the compression force on the UHPC cube. Also, the out-
come of both the experimental and numerically simulated
cubes containing 2% volume of steel fibers showed that
the cubes exhibit a ductile behavior; and this may be due
to the presence of steel fibers that continued to bear the
compression force applied on the UHPC cube even though
it has attained its ultimate compression strength. So, the
numerically modelled UHPC cube specimen containing
the same % volume of steel fibers as that of the experiment
has better correlation with the experimental cube than the
numerically modelled cube without steel fibers.

4.3 Failure mode and crack pattern of the UHPC beams
The UHPC beam with stirrups as can be seen in Figs. 11(a)—
(c) for both experiment and numerical simulation failed
in shear compression with two diagonal cracks within the
shear zones. The first crack in the beam was a flexural
crack and appeared at a load value of 35 kN for the exper-
imental beam, 39 kN for the numerically simulated beam
with stirrups and steel fibers, and 30 kN for the numeri-
cally simulated beam with stirrups but without steel fibers.
The first shear crack was noticed at 76 kN for the experi-
mental beam, 80 kN for the numerically simulated beam
with stirrups and steel fibers, and 67 kN for the numeri-
cally simulated beam with stirrups but without steel fibers.
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UHPC beam with stirrups and steel

fibres (Numerical)

@

> beam with stirrups (Exp

(®)

UHPC beam with stirrups but
without steel fibres (Numerical)

©
Fig. 11 (a) Crack pattern of UHPC beam with stirrups and steel
fibers (Numerical), (b) Crack pattern of UHPC beam with stirrups
(Experiment), (c) Crack pattern of UHPC beam with stirrups but

without steel fibers (Numerical)

As the applied load was continuously increased beyond
the cracking load, more cracks developed in the UHPC
beam and the length and width of existing cracks slowly
increased until it attained its ultimate load where the crack
length and width greatly increased. This behavior of slow
growth in crack length and width, which is the same for
the experimental beam and the numerically simulated
beam with stirrups and steel fibers, may be as a result of
the ability of the UHPC to re-distribute stress to other
parts of the beam because of steel fibers in its mix [38].
Through this simplified and cost-effective method of mod-
elling the geometry of steel fibers in the UHPC beam, the
contribution of steel fibers to the resistance of the numeri-
cally simulated beam at the face of shear crack appearance
was easily evaluated, and the result showed that the physi-
cal presence of steel fibers improved the beam's resistance
by 16.25% at the appearance of the first shear crack. Also,
the crack pattern in Fig. 11 shows that the crack pattern of
the UHPC beam modelled with stirrups and steel fibers
(Fig. 11(a)) is similar to that of the experimental beam
(Fig. 11(b)), unlike the beam modelled with stirrups but
without steel fibers shown in Fig. 11(c) (which is the usual
way of modelling UHPC beam for numerical simulation
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by researchers) which underwent higher deformation in
terms of enlarged shear cracks. This clearly reveals the
importance of including steel fibers in UHPC models.
The mode of failure of the UHPC beam without stirrups
as shown in Fig 12(a)—(c) for both experiment and numer-
ical simulation was diagonal tension failure with the ini-
tial formation of flexural cracks that increased in width and
length, and later developed into diagonal shear cracks. This
failure mode may be as a result of the absence of shear rein-
forcement which led to reduction of stiffness of the UHPC
beam after reaching its peak force. The beam has a crack-
ing load of 33.5 kN for the experimental beam, 36 kN for
the numerically simulated beam without stirrups but with
steel fibers, and 28.5 kN for the numerically simulated
beam without both stirrups and steel fibers. As the load
increased, shear crack appeared at a load of 72 kN for the
experimental beam, 75 kN for the numerically simulated
beam without stirrups but with steel fibers, and 64.5 kN
for the numerically simulated beam without both stirrups
and steel fibers. Further analysis revealed that the inclu-
sion of steel fiber in the modelled UHPC beam improved
the beam's shear resistance by 14% at shear cracking face;
and the absence of stirrups in the beam reduced the beam's
resistance at the development of the first shear crack by

UHPC beam without stirrups but with

steel fibres (Numerical)

UHPC beam without both stirrups
and steel fibres (Numerical)

(©
Fig. 12 (a) Crack pattern of UHPC beam without stirrups but with steel
fibers (Numerical), (b) Crack pattern of UHPC beam without stirrups
(Experiment), (c) Crack pattern of UHPC beam without both stirrups
and steel fibers (Numerical)

5.3 and 6.3% for the experimental beam and the numeri-
cally simulated beam without stirrups but with steel fibers
respectively. On comparing the beams’ crack pattern, it can
be obviously seen that the crack pattern of the numeri-
cally simulated beam without stirrups but with steel fibers
(Fig. 12(a)) agrees perfectly with that of the experiment
(Fig. 12(b)); while the numerically simulated beam without
both stirrups and steel fibers (Fig. 12(c)) has too large shear
cracks that disagree with that of the experiment.

4.4 Load-midspan displacement behavior of the UHPC

beams

The relationship between load and midspan displacement
of both the UHPC beam with stirrups and that without stir-
rups based on Fig. 13 has both linear stage and non-linear
stage similar to the research report of Aziz and Ali [18]; and
this relationship has the same trend for both experiments
and numerical simulations (i.e., numerical beam model
with and without steel fibers). The linear stage is the elastic
loading stage of the beam below the cracking load where
no crack has appeared in the beam (0 to P). The non-linear
stage is the inelastic loading stage of the beam after the for-
mation of the first flexural crack; and this stage has three
phases which are common in load-midspan displacement
of UHPC beams [39, 40]. The first phase is the post-crack-
ing phase (from P to T) where more cracks developed and
increased in length and width in the UHPC beam until
the tensile steel reinforcement started yielding (point T).
The second phase is the plastic deformation phase (from
T to U) where the beam continued to bear the load till
its ultimate load (point U). The third phase of the beam's
inelastic phase is the strain softening phase (from U to F)
where it finally failed at point F. Fig. 13 also showed that
increase in applied load also leads to increase in midspan
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Fig. 13 Applied load-midspan displacement of the UHPC beams



displacement of the beam in agreement with Magureanu
et al. [41]; as the experimental midspan displacement of the
UHPC beam with stirrups at cracking and ultimate load of
35 and 390.3 kN was 0.4 and 13.2 mm, respectively. The
midspan displacement at cracking and ultimate load of 39
and 400 kN was 0.35 and 13.0 mm, respectively for the
numerically simulated UHPC beam with stirrups and steel
fibers; while the numerically simulated UHPC beam with
stirrups but without steel fibers has midspan displacement
of 0.55 and 13.8 mm at cracking and ultimate load of 30
and 350 kN, respectively. Analysis of the shear capacity
of the UHPC beam with stirrups at ultimate load phase
reveals that the numerically simulated beam without steel
fibers has about 10.3% shear strength reduction when com-
pared with the experimental beam; while the numerically
simulated beam with steel fibers is only 2.5% higher in
shear strength than the experimental beam at ultimate load
phase. This analysis shows that the incorporation of steel
fibers in the UHPC beam with stirrups improves its shear
resistance by about 13% and it also reveals that the ultimate
load of the experimental beam has better correlation with
the numerically simulated beam containing steel fibers
than the numerically simulated beam without steel fibers.
As can be seen in Fig. 13 for the UHPC beam with-
out stirrups, the cracking and ultimate load of 33.5 and
343.5 kN for the experimental beam resulted in midspan
displacement of 0.7 and 7.4 mm, respectively; the cracking
and ultimate load of 36 and 351 kN for the numerically sim-
ulated beam without stirrups but with steel fibers resulted
in midspan displacement of 0.55 and 7.2 mm, respectively;
and the cracking and ultimate load of 28.5 and 300 kN for
the numerically simulated beam without both stirrups and
steel fibers resulted in midspan displacement of 0.9 and
8.5 mm, respectively. The high ultimate strength of the
experimental beam and the numerically simulated beam
with steel fibers, even with the elimination of stirrups may
be due to the bridging effect provided by steel fibers [24];
while the low midspan displacement is indicative of low
shear deformation as a result of the beams' high shear
stiffness [42]. These results have proved that the ultimate
load of the experimental beam has better agreement with
the numerically simulated beam with steel fibers than the
numerically simulated beam without steel fibers; and the
steel fibers also improved the shear resistance of the beam
by 17%. Also, even though this beam was made without
shear reinforcement, its ultimate strength for experiment
and numerical simulation (with steel fibers) was only 12%
lower than that made with stirrups. The high ultimate load
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and low midspan displacement of the UHPC beam with-
out shear reinforcement has revealed that the load carry-
ing capacity of the beam will not be affected for this type
of UHPC beam designed without stirrups.

4.5 Ductility evaluation of the UHPC beams

The ductility of the UHPC beams, which can be simply
described as its ability to resist deformation as it passes
through elastic and plastic phase to failure was evaluated
in order to assess the energy absorption capacity of the
beam. It was evaluated using deflection ductility index
(u,) expressed in Eq. (19) as the ratio of deflection at the
ultimate load (A ) to deflection at yielding of tensile steel
reinforcement (Ay).

My =——* (19)

The ductility index used for this evaluation was chosen
based on existing literatures [38, 43, 44] which showed
that it gives better estimation of the response of reinforced
concrete beams after the yielding of steel reinforcements
than when evaluated at peak load. The deflection results
used for the evaluation are presented in Table 3.

The ductility index of the UHPC beams as shown in
Fig. 14 reveals that the ductility index of the experimen-
tal UHPC beam with stirrups was 3.9; that of the numeri-
cally simulated UHPC beam with stirrups and steel fibers
was 4.0; and that of the numerically simulated UHPC beam
with stirrups but without steel fibers was 3.6. In the same
way, the ductility index of the experimental UHPC beam
without stirrups was 2.0; that of the numerically simulated

Table 3 Deflection of the UHPC beam at tensile steel yielding and at
ultimate load

Deflection at Deflection at
tensile steel ultimate load
yielding (mm) (mm)

UHPC Beam type

UHPC beam with stirrups
(Experiment)

UHPC beam with both
stirrups and steel fibers 33 13.0
(Numerical)

3.4 13.2

UHPC beam with stirrups
but without steel fibers 3.8 13.8
(Numerical)

UHPC beam without stirrups
(Experiment)

UHPC beam without
stirrups but with steel fibers 33 7.2
(Numerical)

UHPC beam without both
stirrups and steel fibers 4.7 8.5
(Numerical)

3.7 74
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H UHPC beam with
stirrups (Experiment)

M UHPC beam with
stirrups and steel fibres
(Numerical)

& UHPC beam with
stirrups but without
steel fibres (Numerical)

i UHPC beam without
stirrups (Experiment)

Ductility index

i UHPC beam without
stirrups but with steel
fibres (Numerical)

LI UHPC beam without
both stirrups and steel
fibres (Numerical)

d:

Fig. 14 Ductility index of the UHPC beams

beam without stirrups but with steel fibers was 2.2; and
that of the numerically simulated beam without both stir-
rups and steel fibers was 1.8. The ductility nature of this
UHPC beams was also revealed in the slow (and not sud-
den) increase in the width of the beams' existing cracks
after yielding of the tensile steel reinforcements. The ductil-
ity reduction of about 48% in the UHPC beam without stir-
rups can be attributed to the absence of shear reinforcement
in the beam; however, it has better ductility when compared
with the ductility indices of some studies conducted on high
performance concrete and reinforced concrete [45, 46, 44).
Further analysis showed that there was 2.6% difference in
the ductility index of the experimental beam with stirrups
and the numerically simulated beam with stirrups and steel
fibers, while 8.3% difference existed between that of the
experimental beam with stirrups and the numerically simu-
lated beam with stirrups but without steel fibers. the ductil-
ity index of the experimental beam with stirrups is in better
agreement with the ductility index of numerically simulated
beam with steel fibers than the numerically simulated beam
with stirrups but without steel fibers. Moreso, these UHPC
beams can be considered to have good ductility when com-
pared to UHPC beams with similar longitudinal reinforce-
ment ratios reported by other researchers [16, 38].

5 Conclusions

In this research work, a simplified technique of modelling
steel fibers in a UHPC specimen for the numerical sim-
ulation of its properties was proposed. In order to assess
the validity of this method, the results on the compressive
properties of UHPC cube and the shear behavior of two
UHPC beams obtained using this method were compared

with the results obtained from experiments and the current
method used by researchers for the simulation of UHPC
specimens. The following conclusions can be made based
on the comparisons between the numerical simulation
results and the experimental results:

This method, beside its ability to be directly run in
ABAQUS to automatically generate the location and ori-
entation of steel fibers in a UHPC specimen/member,
is also very fast, cost-effective, simple to use in studying
the effect of % volume of steel fibers and aspect ratio on
UHPC specimens/members, and is able to solve the prob-
lem associated with previous methods of modeling SFRC
where some fibers may be generated and placed outside the
specimen's boundary, leading to the discard and regenera-
tion of those fibers. The results of the deformation obtained
using this method for the compressed UHPC cube and the
two UHPC beams subjected to shear loading agree per-
fectly with the deformation results of the experiments.
Also, the result of the ultimate compression force obtained
using this modelling technique has 99.7% agreement with
that of the experimental cube. This method improved the
shear resistance of the beam with stirrups and that without
stirrups by 16 and 14%, respectively at the appearance of
the first shear crack; while at the ultimate load phase, the
shear resistance of the beam with stirrups and that with-
out stirrups was improved by 13 and 17%, respectively.
The ultimate load of the beam with stirrups and that with-
out stirrups obtained using this method has about 97.5 and
97.8% agreement respectively with the ultimate load of the
experimental beams, while about 98.5 and 97.3% agree-
ment exist for the same order of aforementioned beams in
terms of ultimate midspan displacement. The ductility of
the beams also exhibited strong agreement as the ductil-
ity of the beam with stirrups using this method has about
97.5% agreement with the experimental beam.

The limitations of this method can be seen in two ways.
The first is on the basis that only straight steel fibers can
be generated through the algorithm, limiting the method
from being used to study the effect of the shape of steel
fibers on UHPC specimen’s properties. The second limita-
tion is attributed to the shape of the UHPC specimen; and
on this basis, only rectangular specimens can be gener-
ated through the algorithm. Although this method is only
applicable to straight steel fibers and rectangular speci-
mens, efforts are currently being made through on-going
research to modify this method to include the modelling
of other shapes of steel fibers as well as cylindrical speci-
mens and structural members with circular shape.
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