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Abstract

Reducing the weight of concrete beams is a primary (beyond strength and durability) concern of engineers. Therefore, this research
was directed to investigate the impact response of hammerhead pier concrete beams designed with density-based method topology
optimization. The finite element topology optimization was conducted using Autodesk fusion 360 considering three different mesh
sizes of 7 mm, 10 mm, and adaptive meshing. Three optimized hammerhead beam configurations; HB1, HB2, and HB3, respectively,
with volume reductions greater than 50 %. In the experimental part of this research, nine beams were cast with identical size and
configuration to the optimized beams. Three beams, identical to the optimized beams, were tested under static bending for verification
purposes. In comparison, six more beams, as in the preceding three beams but without and with hooked end steel fibers, were tested
under repeated impact load. The test results revealed that the highest flexural capacity and impact resistance at crack initiation and
failure were recorded for the adaptive mesh beams (HB3 and HB3SF). The failure impact energy and ductility ratio of the beam HB3SF
was higher than the beams HB1SF and HB2SF by more than 270 %. The results showed that the inclusion of steel fiber duplicated the
optimized beam'’s impact strength and ductility several times. The failure impact resistance of fibrous beams was higher than their
corresponding plain beams by approximately 2300 to4460 %, while their impact ductility ratios were higher by 6.0 to 18.1 times.
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1 Introduction

Weight reduction of concrete structural members within the
limits of stresses, deflection, and stiffness, has come to be
the primary aim of optimization [1]. The topological opti-
mization of structural members acts as a vital tool to reduce
the volume of the material that creates ground-breaking
layouts and a higher degree of structural integrity with-
out compromising performance [2]. Topological optimi-
zation is gaining importance among design engineers as
clients warrant cost reduction. Simultaneously, the struc-
ture is made up of the same sub-components, for instance,
the beam required for the hammerhead column for sup-
porting long bridge deck slabs. The lightweight super-
structure is the most effective way to counteract seis-
mic forces and topological optimization-based designs
are increasingly preferred in such circumstances. When
structural members are being optimized based on topolog-
ical configuration, it not only provides weight reduction

but also expands the solution space to locate the optimal
solution [3]. Recently, Liew et al. [4] conceived and built a
floor slab with pure compression, obviating reinforcement
(except, perhaps for temperature stresses). The emerging
concept of frameworks, integrated with newer and inno-
vative construction methods leads to optimal design for
every phase of the structural element distinctly.
Numerous investigators have brought forward the algo-
rithms for topology optimization for reinforced concrete
design in recent years. The majority have geared towards
using Strut-and-Tie models for designing placing rein-
forcements at optimal locations and in the most effec-
tive directions. The opening line of a suggested course of
action assumes concrete as anisotropic and elastic mate-
rial [5, 6], or density-based methods [7, 8]. Strut-and-Tie
Model’s topology optimization with the different mod-
ules in the two reinforced concrete phases was proposed
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later [9—11]. Ali and White [12] proposed nonlinear Strut-
and-Tie Models using the elastoplastic truss algorithm. The
continuum outline for the design of the conceptual rein-
forcement phase in both reinforced concrete phases has
elastoplastic performances and Bogomolny and Amir [13]
proposed it. Shaw et al. [14] developed a new technique for
column design for orthogonal structures. For a design of
rectilinear floors in the beam-slab layout, a genetic algo-
rithm-based technique was proposed by Nimtawat and
Nanakorn [15, 16]. Briseghella et al. [17] emphasized that
the tension zone inevitable stresses could be taken care
of by material-removing from the shell regions in which
bending occurs. This creates voids in concrete that satisfy
conditions of topology optimization.

The design layout of topology optimization of the dis-
tribution of fibers and its orientation in fibrous reinforced
concrete has been proposed by many researchers [18-20].
Further comprising the design of the reinforcing phase
alone, algorithms based topology optimization has been
offered for the design of both phases to enhance the destruc-
tion strength of lightweight elements [21]. Recently, an algo-
rithmic topology optimization for the design of lightweight
post-tensioned reinforced concrete was suggested by Amir
and Shakour [22]. Sendergaard and Dombernowsky [23]
investigated a reinforced concrete frame designed by the
assumption of isotropic behavior of the material in an ini-
tial phase of design. Its results were post-processed by the
addition of reinforcement to counter tensile forces in the
frame. Of late, Oviedo et al. [24] examined experimentally
the topology optimized Strut-and-Tie Models for a dapped
beam; in these designs. However, substantial post-process-
ing was carried out to the continuum topology-optimized
outcomes. Enhanced ultimate strength and improved crack
augmentation control were detected. The contemporary
dearth of experimental corroborations poses a major stum-
bling block for further improvement and practice of topol-
ogy optimization skeletons for reinforced concrete design.
As reinforced concrete is an intricate composite, this line
of work emphasizes precisely designing for the concrete
phase, an indispensable stage in truly allowing the freeform
design of both reinforced concrete phases.

On the contrary, concrete structures during their service
life might conceivably be exposed to the threat of impact
loads from diverse sources [25]. In practical terms, several
impact situations in engineering can be considered, for
instance, ship/barge bumping into bridge pier or offshore
structures, industrial flooring, vehicle strikes on trans-
portation structure, barriers, structures exposed to pipe
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whipping, sudden falling rocks, etc. [26]. The frequency
and possibility of these types of impacts are considerably
higher. Henceforth, the evaluation of the performance of
the concrete structure under impact load is of consider-
able importance for safe and economical design [27]. Plain
concrete has exposed poor tensile strength, the lesser
extent of ductility, and collision energy absorption, limit-
ing the concrete ability to withstand impact loading [28].
The addition of fiber to concrete has exhibited high ductil-
ity [29] and toughness [30]. Mainly, the role of fibers in the
concrete is a too restricting crack extension and imparting
higher post crack strength, but avoiding provoking brittle
failure [31].

In a nutshell from the above literature review, it is noted
that the impact response of a different type of concrete,
fibers, and structural elements have been evaluated and
discussed extensively by researchers [32-35]. Likewise,
a numerical response of topology optimization of plain
concrete structural elements was explored to a sufficient
degree [7, 11, 36, 37]. Unfortunately, results for impact
response of structural elements designed with topol-
ogy optimizations are not readily available. In this con-
text, the static and impact response of topology optimized
hammerhead pier beams were examined using Autodesk
fusion. The experimental performance of non-fibrous and
fibrous concrete beams was compared and discussed.

2 Significance and layout of the research

Despite the wide availability of results from the study
of a topology optimized structural elements and impact
response of fibrous concrete, research on topology opti-
mized structural element and its performance outcome
explicitly under impact loading is scarce. There is a dearth
of information regarding the impact response of hammer-
head pier concrete beams. This is the specific research
gap identified from the literature review and the research
reported herein is an effort towards filling this gap. To
achieve this goal, a procedure that includes subsequent
steps of numerical and experimental programs was con-
ducted. The layout of the adopted procedure is summa-
rized in Fig. 1 and is as follows:

(1) In this first step, topology optimization was con-
ducted using the Finite Element (FE) package Autodesk
Fusion 360 to optimize the shape of hammerhead beams
based on its actual loading configuration in bridges. The
optimization was conducted using three different FE mesh
discretization sizes which resulted in three optimized
beams HB1, HB2 and HB3.
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Fig. 1 Layout of the optimization, FE, and experimental studies

conducted in this research

(2) Based on the available testing machine dimensions,
experimental beams having the same optimized config-
urations and dimensions of beams HB1, HB2, and HB3
are cast and tested in static bending tests. In parallel, the
optimized beams FE models of HB1, HB2, and HB3 were
also tested in static bending under the same experimental
testing circumstances. This step was conducted to verify
the FE analysis used topology optimized the beams HBI,
HB2, and HB3.

(3) In the next step, the experimental work was extended
to cast new six beams to conduct the repeated impact test
to investigate the impact response of the optimized beams.
Three beams are identical to the preceding beams HBI,
HB2, and HB3, where both configuration and materials
are the same, while three more beams (HBISF, HB2SF,
and HB3SF) having the same configurations of HB1, HB2,
and HB3, respectively, were cast with the addition of 1.5 %
of steel fiber. These beams were directed to evaluate the
effect of steel fiber on the optimized hammerhead beams
impact performance.

3 Topology optimization and FE analysis of
hammerhead pier beam
3.1 Topology optimization

Numerous suggestions were made based on methods in
topology optimization (see an outline in e.g. [38]). In most
of the methods, a design area with constraints and loads
applied as defined by the design engineer. The problem-
atic design is articulated as a formalized problem in opti-
mization and most meticulously cracked with the help of
mathematical programming. The current research uses an
approach of solid isotropic material penalization (SIMP).
The SIMP approach is infrequently defined as a density
method that operates with fixed finite element discretiza-
tion. In the SIMP approach, each finite element is con-
nected with a density function X,. The design target is to
determine a 0-1 element densities distribution that opti-
mizes a defined goal though satisfying the equilibrium
of structure and number of constraints. It also allows the
use of gradient-based optimizers, the constraints of 0—1
binary is made easy and densities at intermediate levels
(0<X,<1)are permitted as the design evolved. Conversely,
the densities at the intermediate levels are pruned towards
reducing the use of the material inefficiently. This results
in the optimizer being directed from an initiatory smeared
assumption with a view towards a separate structural key.

In this research, the 3D hammerhead pier beam is used
in the design field, as illustrated in Fig. 2. The optimi-
zation analysis of the hammerhead pier beams was con-
ducted using the Autodesk Fusion 360 program. Because
of the loading and size limitations of the available labora-
tory testing device, the domain length, depth and thickness
were defined as L =910 mm, H =230 mm, and 7= 76 mm,
respectively. The load P =2.2 kN applied at the top surface
of the beam at four different points and constraints are
positioned at the bottom center of the beam with the ratio
of L/6. In the Autodesk Fusion 360 FE optimization anal-
ysis, the beams were discretized with three different mesh
sizes (i) 5 % of adaptive meshing (can be controlled from

L/3 L/3 L/3

rr r I

=
L/6

Fig. 2 Design field with constraints and the load applied for all design

cases in this research



1 to 10 %), (ii) 7 mm, and (iii) 10 mm. The concrete ham-
merhead pier beam is presumed to behave isotropic and
linearly elastic in all design situations. For the assumption
of isotropic to be some extent strong for the pilot research,
a scale prerequisite with the smallest length on the topo-
logical structures is imposed. Table 1 demonstrates the
assigned material property used in this research.

The topology optimization frameworks based on
stress have been proposed by many researchers [39—47],
and a thorough examination is beyond the scope of this
research. Frequently, the aim of stress-limitation methods
is considered as to reducing the volume to guarantee that
the applied design load is less than the permissible stress
limits. More often, von Missesstresses are imposed on the
permissible stress limits. Nevertheless, von Missesstress
can be imposed only for the tension and compression
strength limits. Consequently, a condition of Drucker-
Prager stress [48] is herewith chosen since it permits for
diverse levels of strength. The principal stress plane (g, 7,)
yield criteria for von Misses and the Drucker-Prager stress
are compared with a ratio of compression to tension s =
2.5 is illustrated in Fig. 3. It is noticed in the graph region
that the criterion of Drucker-Prager permits lower stress
in tension than in compression. Though, the graph also
divulges that the criterion of Drucker-Prager permits high
biaxial compressive stress states. For s = 2.5 values for
the design of concrete is characteristically about five times
more than that illustrated in Fig. 3,which is around ten
times. This propensity is pronounced further and could
trigger insufficiency to capture compression failure.

The topology optimization framework is more advan-
tageous than the traditional approach of FEA. It gives the
response to the optimization engine to provide optimal

Table 1 Property of material used in this research

Description Non-fibrous Fibrous concrete
concrete

Density 2.407E-06 kg/m 2.547E-06 kg/m

Young's modulus 31004 MPa 36500 MPa

Poisson's ratio 0.2 0.2

Concrete Compressive 40 MPa 55 MPa

Strength

Yield strength 4 MPa 6 MPa

Ultimate Tensile 4 MPa 6.5 MPa

Strength

Thermal Conductivity 0.0016 W/ (mm C) 0.0016 W/ (mm C)

Therma.l Expansion 1E-05/C 1E-05/C

Coefficient

Specific Heat 800 J/(kg C) 800 J/(kg C)
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Fig. 3 The principal stress axis for the yield criteria of von Misses and
the Drucker-Pragerwith s = 2.5

topology components according to the defined design
variables and constraints. Standard pre-processing of the
Fusion 360 bulk data file includes specific optimization
objectives, constraints, and parameters. Additional pre-pro-
cessing of optimization specific data such as adjacency,
distances, manufacturing constraint dependency, and ini-
tial volume fraction are considered in the analysis. In the
design process of topological optimization, iteration starts
with calculating stiffness followed by mass matrices, and
all subsequent changes are scaled. The optimization engine
simply decides new design variables (scaled stiffness and
mass) and determines until the stopping criteria are sat-
isfied. Initially, the first iteration calculates stiffness and
mass matrices and all subsequent calculations are scaled.
Two optimization engines were used in this analysis, which
is the Optimality Criteria Method (OCM) [49, 50] and
the Moving Method Asymptotes (MMA) [21, 51]. Fig. 4
illustrates the implementation procedure of the proposed
frame. Fig. 5 illustrates the hammerhead pier beam shapes
that were obtained from the topology optimization for the
three adopted mesh sizes. The volume reductions of the
optimized beams HB1, HB2, and HB3 were 55.16, 53.19,
and 50.16 %, respectively.

3.2 FE analysis of the optimized beams

After conducting the optimization analysis, experi-
mental models (discussed in the following section), and
numerical models in the numerical analysis, load and
deformation behavior of hammerhead pier beams were
studied under static load. The outcomes achieved from the
numerical simulation were related to those from the exper-
imental outcome.
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Fig. 5 Hammerhead pier beams from the topology optimization

The static responses of the optimized hammerhead pier
beams were studied using the Autodesk Fusion 360 pro-
gram, which has been extensively evidenced to be consis-
tent in the computation of structural behavior and failure
under the static loading. Exploiting the beam symmet-
rically, it is analyzed by varying three mesh sizes, with
7 mm, 10 mm, and adaptive mesh. All beams, plates for
support, and loading were modeled using the designed
experimental (detailed in the next section) dimensions for
verification purposes. The material properties, including
the density, modulus of elasticity, compressive strength,
and tensile strength, were well defined based on the exper-
imental measurements to assure more accurate modeling.
In the present section, the schemes and properties of the
assigned material, constraints used for the hammerhead
pier beam are described in Table 2. Fig. 6 illustrates the
static bending test modeling of the optimized beams in
Autodesk Fusion 360 software based on the three mesh
sizes. The optimized beams have taken to event simulation
in Autodesk Fusion 360 to define the materials and apply
the constraints. All base plates, the assigned constraints,
are fixed in all three axes to restrict their movements.

Table 2 Summary of the parameters used in the FE analysis

Description HBI HB2 HB3
Scale Mesh Size No No Yes
Per Part

Average Element 7 mm 10mm 1% (model-
Size (absolute size)  (absolute size) based size)
Element Order Parabolic Parabolic Parabolic
Create Curved

Mesh Elements Yes Yes Yes
Max. Turn Angle

on Curves (Deg.) 60 60 60
Max. Adjacent

Mesh Size Ratio 13 13 1.5
Minimum

Element Size (% 10 10 10

of average size)

Max. Aspect 20 20 20
Ratio

Number of

Refinement Steps 6 6 6
Results

Convergence 5 5 5
Tolerance (%)

Portion of

Elements to 40 40 40
Refine (%)

Number of nodes 435,322 163,323 202,784
Number of 304,384 111,672 139,501
elements




Test Rig

Fig. 6 Static bending test setup and meshing in Autodesk fusion 360

4 Experimental work

4.1 Experimental program

As detailed in Section 2, the experimental work of this
research consists of two parts. In the first part, three ham-
merhead pier beams that are identical to the optimized
beams HBI1, HB2, and HB3 were cast. All beams were
tested under static bending to evaluate the accuracy of the
conducted FE analysis. In the second part, six beams were
cast to conduct repeated impact tests on the optimized
hammerhead beams. Among these, three were identical to
the experimental beams HB1, HB2, and HB3. The other
three beams were identical in geometry to the beams HBI,
HB2, and HB3, yet the material used was different. The
second three beams were an extended part to evaluate the
effect of steel fibers on the impact response of the opti-
mized hammerhead beams. Therefore, the same concrete
mixture was used, but with the addition of 1.5 % steel
fiber. These beams were identified as HBISF, HB2SF, and
HB3SF, where the letters "SF" refer to the used steel fiber.
In total, nine beams were cast in this study and tested
under static bending tests and repeated impact test. The
details of nine beams are given in Table 3.

4.2 Materials and mixtures

A single concrete mixture (excluding the use of fiber) was
used for all of the cast nine beams and control test speci-
mens. The dray mixture composed of 450 kg/m’ cement,
645kg/m’sand, and 10180 kg/m’ gravel, while the water-ce-
ment ratio of the mixture was 0.35 and the superplasticizer
content was 2.2 % of cement weight. Ordinary Portland
cement of 53 grade was used in conformity with IS: 12269-
2013 [52], supplied by Ramco Cement, while natural river
sand was used as fine aggregate with 3.2 and 3.14 fineness
modulus and specific gravity respectively, conforming to
1S383-2016 [53]. Well, graded coarse aggregates used were
crushed granite gravel of size around 12.5 mm purchased
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Table 3 Details of the nine experimental hammerhead pier beams

Beam Number of Beams Variables Investicated Fiber
1D and Tests & (%)

2 (1 Static bending +

HBI | Repeated impact) Optimized Configuration 0
HB2 21(;{:;22;2?111?;25; Optimized Configuration 0
HB3 Zl(l]{eit)zztcegeirlf;alft; Optimized Configuration 0
HBISF 1 (Repeated impact) Optim;f‘;‘:ecef’gif}‘)ge‘imﬁon 1.5
HB2SF 1 (Repeated impact) Optiméczestieilo ;if;ilrlration 1.5
HB3SF 1 (Repeated impact) Optimized Configuration 1.5

& Steel Fiber

locally. A superplasticizer with the commercial name of
FosrocConplast SP430 was used to produce the workable
fibrous concrete with a maintained slump value of 40 mm.
Hooked end steel fibers with a diameter of 0.5 and a length
of 30 mm were used in this study. The tensile strength of
the used fibers was 1200 MPa.

During the start-up phase, dry particles (cement and
fine aggregate) were poured into a mixer machine and
mixed for 5 minutes at 50 rpm. Later, coarse aggregates
and fibers were added and mixed for a further 5 minutes.
Then superplasticizer (SP) was dissolved first in a small
portion of water meant for concrete mixed until fibers
were well-dispersed in the matrix without the effect of
fiber balling.

4.3 Configuration and instrumentation of the static
bending test

All pilot trials of the static bending test were carried out
using the deflection control-self-balancing loading frame.
A test rig of steel tubes with square cross-section offered
the deformations to the four points loading by stringer the
right balance of a steel tube at its focal point on steel rods.
In this experimental design, the support conditions were
provided by introducing the rectangular steel plate, which
was bonded at the outermost concrete surface using high
strength epoxy. To observe deformations at the four load-
ing points, four Linear Variable Differential Transformers
(LVDT) was employed. The compliance beam with the
LVDT test fixture is illustrated in Fig. 7. Though the
design in this research was limited to beams inelastic
range, all beams were loaded till failure to observe non-
linear behavior.
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Fig. 7 Test setup of static bending of the optimized beams

4.4 Configuration and instrumentation of the repeated
impact test

The falling mass test was conducted conforming to ACI
committee 544 [54]. Two 4.45 kg steel balls were dropped
freely from 457 mm height on to the upmost surface of
one-third of the span from each side as illustrated in Fig. 8.
For a period of a multiplicity of falling mass collision test,
impact responses of hammerhead pier beam were observed,
the requisite number of replicated impact till crack initia-
tion was defined by (O1) whereas the requisite number of
replicated impact till ultimate crack was denoted by (02).

Crack growth evolving from the bottom surface to the
top surface of the beam signifies failure. Crack initiation
and failure were observed visually. Collision energy at Ol
and O2 were determined as follows.

Collision energy (U)=NxmxgxH (1)

Where N is the number of replicated impacts, m is the
mass of dropping steel ball (4.45 kg), g is the acceleration
due to gravity (9.81 m/s’), and H denotes the height of free
fall (457 mm).

5 Experimental and FE results of the static bending test
Since all topology optimized beams were fabricated and
tested until failure, the possibility exists to address the
consequence of design cases in the nonlinear range [55].
Though, it is worth recalling that the design considered
in this study was based on linear performance. Table 4

_—Impact Frame

Guide Pipe

Drop weight
Specimen

Support

Fig. 8 Test setup of the repeated impact test of the optimized beams

compares the failure loads and deflections of the experi-
mental and FE beams HB1, HB2, and HB3, Fig. 9 illus-
trates the experimental and FE load-deflection curves of
these beams. It is listed in Table 4 and shown in Fig. 9 that
the experimental failure load and the deflection values of
the HB1 beam were 14.8 kN and 0.2 mm, respectively. The
adopted mesh size for this design case was 7 mm with an
as-built volume of material was 55.16 %. Likewise, the fail-
ure load and deflection of the HB2 beam were 6 kN and
0.14 mm respectively, with the as-built volume of material
was 53.19 % and 10 mm mesh size. Comparing the beams
HBI1 and HB2, it is obvious that an intrinsic increment in
the failure load of the HB1 beam of 146.6 % over the HB2
beam was recorded. For the domain, applied loads and
constraints used in this work, the HB3 beam attained the
maximum value of the applied load with the as-built vol-
ume of material was 50.16 %. The failure load of the HB3
beam was 81 % higher than that of HB2 and 346.6 % higher
than that of the HB1 beam. On the other hand, FE failure
loads and deflections of the beams HB1, HB2, and HB3
beams were 16 kN, 8 kN, and 28 kN, respectively, while
their corresponding deflections were as shown in Table 4.
Considering the deflection records of the experimental and
FE beams, Table 4 shows that differences or errors were
between 0.008 and 0.0043 mm for the three beams with per-
centage errors in the range of 6.3 to 11.9 %. Similarly, the
percentage of errors in failure loads between the experimen-
tal and FE beams were 8.1 % for beam HB1 and 4.3 % for
beam HB3, while due to the low failure load value of beam

Table 4 Comparison of experimental and FE static bending tests of optimized beams

Load (kN) Deflection (mm)
Beams ID
Experimental FE % Error Experimental FE % Error
HBI 14.8 16 8.1 0.2 0.214 6.3
HB2 6 8 333 0.14 0.132 6.4
HB3 26.8 28 4.3 0.325 0.368 11.9
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(b)HB2

Fig. 9 Experimental and FE cracking pattern of hammerhead pier beam under static load

HB2, the difference was 2 kN, which is 33 % of the experi-
mental load. Excluding the failure load of HB2, it is evident
that good agreement was attained between the experimental
and FE failure loads and the optimized beams deflections.

The different load and deflection values of the three
beams reflect their different strength and behaviors under
loads, which shows that mesh size significantly affects the
finite element topology optimization results. The results
also show that the adaptive mesh is more effective in the
topology optimization of hammerhead beams than selec-
tive mesh sizes. This results in optimized sections with a
relatively similar reduction in the cross-sectional area but
with noticeably higher strength.

Brittle behavior was noticed in the tested beams, where
they were breaking down into two fragments, as illustrated
in Fig. 9. The cracking pattern from the numerical simula-
tion was presented in terms of the safety factor. The failure
under the static load was acknowledged based on the value
of the factor of safety which is close to 1. It can be noticed
that the cracking patterns of FEhammerhead beams well
agree with the failure patterns of the same experimental
hammerhead pier beams, which supports the accuracy of
the introduced FE models.

6 Experimental results of repeated impact test
6.1 Impact results of hammerhead pier beams
As addressed in the previous sections, the main goal of
this research is to investigate the impact response of the
optimized hammerhead beams under repeated impact test.

The discussion in this section focuses on the effect of opti-
mized shape and the effect of steel fiber. The former is
investigated by the comparison among the beams HBI,
HB2, and HB3 and the beams HB1SF, HB2SF, and

HB3SF. The effect of steel fiber is investigated by each
plain beam with its corresponding fibrous beam (HBI
with HBISF, HB2 with HB2SF, and HB3 with HB3SF).
The discussion of this section is presented in terms of the
retained numbers of impact blows at cracking (O1) and
failure (O2) stages and their corresponding impact ener-
gies Ul and U2.

It is obvious in Fig. 10(a) that the plain beams (with-
out fiber) retained noticeably lower cracking numbers of
impact blows (O1) than their corresponding fibrous beams.
The retained O1 values of beams HB1, HB2, and HB3 were
only 1, 1, and 2, while the retained O1 values of the cor-
responding HB1SF, HB2SF, and HB3SF were 7, 6, and 7,
respectively. This means that plain beams were very brittle
under impact loads, where only one or two impacts were
enough to initiate cracking. On the other hand, the inclusion
of steel fibers postponed crack initiation to not less than six
impact blows, reflecting the activity of fibers to increase the
energy absorption of the tested specimens even before crack
initiation [56]. Fig. 10(b) shows that fibrous beams were
much superior to plain ones, where the beams HB1, HB2,
and HB3 were failed after few O2 impacts of 2, 2, and 3,
respectively, while the fibrous beams HB1SF, HB2SF, and
HB3SF retained much higher numbers of 49, 46 and 134,
respectively. Using steel fiber could dramatically increase
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Fig. 10 Number of impact blows of the six hammerhead beams at

cracking and failure stages

the impact resistance of the optimized beams after crack
formation. This increase is attributed to the superior bridg-
ing activity of steel fibers across the cracks, whereas cracks
tend to widen and propagate under the effect of the repeated
impacts, the fibers bridge the crack faces sustaining the
vast of the tensile stresses across and along these cracks.
As tensile stresses increase, either the bond between fibers
and concrete breaks gradually until bond pull-out failure
or the fiber ruptures when tensile stress exceeds its tensile
strength [57]. The orientation of fibers and dispersal are two
factors that can have a profound effect on the impact resis-
tance of fibrous hammerhead concrete beams, consequently
influenced by mixing method, casting technique, and beam/
specimen dimensions [58-62]. The impact energy results
are shown in Fig. 11 confirm the abovementioned results.
The cracking impact energy of beams HB1, HB2, HB3,
HB1SF, HB2SF, and HB3SF were approximately 41,41, 81,
285,244, and 285 J, respectively, while their corresponding
energies at failure were 81, 81, 122, 1994, 1872 and 5453 J,
respectively. The above results also lead to the conclusion
that the beam HB3 exhibited the highest impact resistance

both for plain and fibrous cases and both at cracking and
failure stages, which confirm the conclusion obtained from
the static test that beam HB3 was the best choice among the
three optimized beams.

Fig. 12 gives a clearer picture of the evolution of impact
resistance after crack formation for the six hammerhead
beams, in which the quantity (O2-Ol) is normalized to
Ol. This value quantitatively evaluates the impact resis-
tance of each of the tested beams along the post-cracking
region compared to that at the cracking stage, making it
a possible measurement of impact ductility. It is evident
in Fig. 12 that the (O2-O1) ratio was equal or less than
1.0 for plain beams, which reveals the brittleness of these
beams after crack formation, while those of fibrous beams
were in general not less than 6.0, which reflects their duc-
tile behavior after cracking. Fig. 12 shows that based on
these measurements, the fibrous copy of the optimized
beam HB3 (HB3SF) exhibited the highest ductility among
the six beams with an (02-O1) ratio of approximately 18.
These results confirm the HB3 beam again with 1.5 %
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Fig. 11 Impact Energy of the six hammerhead beams at cracking and
failure stages
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of steel fiber is the best alternative among the three opti-
mized beams on the bases of strength, impact energy, and
impact ductility.

Fig. 13 visualizes the additional impact resistance
gained by the inclusion of steel fiber to each of the three
optimized beams HB1, HB2, and HB3 both at cracking and
failure stages. This effect is presented in terms of the ratio
of the impact number of blows of the fibrous beam to its
corresponding plain beam, both for Ol and O2. As shown
in Fig. 13, the percentage developments in the cracking
stage were from 350 to 700 %, while the real effect of steel
fiber becomes obvious at the failure stage where percent-
age developments above 2400 % were recorded. These
results were explained above and attributed to the func-
tionality of steel fiber in impact resistance. This fiber
bridging mechanism plays a vital role in augmenting the
impact strength after crack initiation by engrossing and
dispersing the impact energy via the deboning of fibers,
slips off, and pulls out together along with postponing
crack growth [63, 64]. The Fig. 13 also reinforces the con-
clusion that HB3 optimized beam with steel fiber (HB3SF)
is the recommended one among

The investigated beams, where the ratio HB3SF/HB3 is
the highest among the three-beam with 4467 %.

6.2 Cracking patterns of hammerhead pier beams
under impact load

Fig. 14 illustrates the formed cracking patterns on ham-
merhead pier beams, which were examined under the fall-
ing weight collision test experimentally and numerically.
In the numerical simulation, the initial and ultimate crack-
ing pattern has been described based on the factor safety.
Two distinct types of cracking patterns were observed in
hammerhead pier beams. For the HBI and HB2 beams,
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Fig. 14 Experimental cracking patterns of the beams tested under

repeated impact

when the crack initiation happens during the first impact,
the beam came tumbling down instantly into two frag-
ments during the second impact (Fig. 14). The crack initia-
tion and ultimate crack occurred in between the two-point
of applied impact load and exhibited noticeably brittle fail-
ure behavior. Contrary to the HB3 beam, crack initiation
and ultimate crack occurred in many places at the top and
bottom chord of beams and were tumbling down instantly
into many fragments. This is attributed to the effective-
ness of a non-fibrous hammerhead pier beam designed with
topology optimization which can exhibit superior cracking
performance associated with HB1 and HB2 beams.
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Fig. 14(d—f) depicts the effect of the addition of steel
fibers in hammerhead pier beams (HB1SF-HB3SF) that
significantly transformed the cracking configuration from a
huge secluded crack to multifarious small cracks, increased
the number of cracks considerably while lessening their
widths. Consequently, the observed cracking pattern in
fibrous hammerhead pier beams were innumerable fine
cracks, unlike the solitary macro crack existing in non-fi-
brous hammerhead pier beams. The formation of small mul-
tifarious cracks in the tension zone of the beam is due to the
fiber bridging action offered by the hooked end steel fibers
which enabled the absorption of more collision energy and
prohibited the sudden or rapid failure of beams [65, 66].
It displays the well-dispersed tensile stress and pointedly
ductile failure mode observed after impact loading [67].

6.3 The failure mechanism of hammerhead pier beams
The destruction spotted after falling mass testing of fibrous
hammerhead pier beams are contact destruction, fiber rup-
turing, matrix failure, and fiber delaminating. The several
influences of impact in every single step are depicted in
Fig. 15. This encompasses localized contact destruction
owing to the application of falling mass, inner deboning
of beams because the transverse shear stress/strain, break-
down of matrix/fiber triggered due to compressive bend-
ing on impact plane. Eventually, transferring the fiber
deboning action to the neighboring layers is because of
tensile bending that occurs in the tension zones. The large
quantities of initial kinetic energy are transmitted to the
fibers, even though there is the development of an initial
crack in the beams [5]. This implies that the fibers can limit
crack proliferation and energy-dissipation to the remain-
ing region of concrete. Henceforth, an important juncture
in failure mechanism is which forms negative implications
in impact properties and it is extraordinarily difficult to
notice this in operation.

7 Conclusions

Aiming at the investigation of the impact behavior of opti-
mized hammerhead pier beams, FE-based topology opti-
mization was conducted using three different mesh sizes.
Based on this study, three beams with optimized geome-
tries that save more than 50 % of the beam's weight were
obtained. Experimental beams that are identical in geom-
etry and configuration were cast, tested under static bend-
ing, and compared with similar FE models. More six beams
having the same three configurations were then cast with
and without steel fibers and tested under repeated impact
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to evaluate the impact resistance of the optimized beams.
The main conclusions from the FE and experimental stud-
ies conducted in this research are summarized as follows:

1. The emphasis of this line of research has been on
the design of the concrete structure with better out-
comes in the elastic range. The two used design out-
lines; first targeting at producing a rigid structural
design with a specific quantity of material and sec-
ond targeting at producing light in weight structure
with a constrained stress field. By comparing the
experimental exploits of the diverse design outlines
recommend that the target considered normally will
have little awareness of the local concrete compos-
ites. Many performance properties are not being able
to control the design and have been spotted to differ
greatly between the tested beams in the same design
case. Though, as a majority of structural compo-
nents have a multitude of performance supplies there
is an essentiality for adding a multitude performance
in the design preparation.

2. Based on three different mesh sizes of 7 mm, 10 mm,
and adaptive mesh, three optimized hammerhead
pier beam configurations were reached and termed as
HB1, HB2, and HB3, respectively. The volume reduc-
tion of the three beams was higher than 50 % of the
original volume of the rectangular beam. The findings
from the Autodesk fusion 360 static FE analyses were
examined and compared with experimental outcomes
for the three optimized beams under the static bend-
ing test. The comparisons showed that the FE and
experimental results were reasonably close in terms
of failure loads and final deflections. The differences
between the FE and experimental failure loads of the
three beams HB1, HB2, and HB3 were in the range of
1.2 and 2.0 kN, while the percentage errors in the total
deflections were in the range of 6.3 and 11.9 %.

3. Based on the experimental static bending test, the
comparison among the three optimized beams HBI,
HB2, and HB3 revealed that the third beam resulted



from the adaptive mesh-topology optimization
exhibited the best flexural performance among the
three beams. The retained flexural strength in terms
of failure load of the beam HB3 was higher than the
beams HB1 and HB2 by 81 and 347 %, respectively.
The beam HB3 also retained significantly higher
deflection at failure than the other two beams.

. The testresults of repeated impact showed thatamong
the originally optimized plain beams HB1, HB2, and
HB3, HB3, the beam HB3 also exhibited the highest
impact resistance. Although all of the three beams
exhibited very low impact strength both at cracking
and failure stages. The beams were cracked after one
or two blows of 4.5 kg balls than fall from an alti-
tude of 457 mm, while one more impact blow led to
the failure (crack propagation) of the three beams.
This reflects the brittle performance of the plain
beams under impact loads.

. Adding a 1.5 % volume content of hooked-end steel
fibers to the same concrete mixture led to dramatic
augmentation in the impact resistance of the three opti-
mized beams. The fibrous beams HB1SF, HB2SF, and
HB3SF, which are copies (but with steel fiber) of the
optimized beams HB1, HB2, and HB3, respectively,
retained much higher numbers of impact blow at both
cracking and failure stages compared to their plain
correspondences. The percentage increase in impact
resistance due to fiber inclusion was between 350 and
700 % at cracking, while it was in general higher than
2300 % at the failure stage. Where the beams HB1SF,
HB2SF, and HB3SF retained 49, 46 and 134 impact
blows at failure with impact energies of 1994, 1872,
and 5453 J, respectively. On the other hand, the impact
number of blows at the failure of plain beams HBI,
HB2, and HB3 were only 2, 2, and 3, respectively, with
impact energies of 285, 244, and 285, respectively.

. The measurement of the ratio of post-cracking resid-
ual impact strength (02-O1) to the impact strength
at cracking Ol was termed as an impact ductility
ratio. This ratio revealed the superiority of fibrous
beams which exhibited ductile behavior over plain
beams that exhibited brittle behavior. The impact
ductility ratios of the fibrous beams were in general
higher than 6.0 for all of the three-beam, while that
of the plain beams was limited with a maximum of
only 1.0. The multi-cracking failure behavior of the
fibrous beams was another evidence of the ductile
performance of these beams.

7.
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Two distinct types of cracking patterns were
observed in hammerhead pier beams. For non-fi-
brous beams (HB1-HB3), when the crack initiation
happens during the first/second impact, the beams
were tumbling down instantly into two or more frag-
ments after the multiple impacts which exhibited a
sudden brittle failure which is not desirable for con-
crete structures. On the other hand, fibrous beams
(HBISF-HB3SF) the
cracking configuration from a huge secluded crack

significantly transformed
to small multifarious cracks; increased the number
of cracks while lessening their widths. The ductile
mode of cracking pattern was observed in fibrous
concrete beams which demonstrate the salutary
impact of fiber presence in concrete.

. Comparisons of the impact performances among the

three plain beams HB1, HB2, and HB3, and among
the three fibrous beams HB1SF, HB2SF, and HB3SF
reveal the superiority of the adaptive mesh-based
optimized beam (HB3 and HB3SF) in impact resis-
tance in terms of absorbed impact energy and impact
ductility. The failure number of impacts and its corre-
sponding absorbed energy of the beam HB1SF were
higher than those of beams HB1SF and HB2SF by
173 and 191 %, respectively. Similarly, the ductility
impact ratio of the beam HB1SF was 18.1, while those
of beams HB1SF and HB2SF were 6.0 and 6.7, respec-
tively, with a percentage increase of 170 to 200 %.

The Disadvantage of the proposed topology optimized

structure is complicated to prepare framework due to com-

plex shapes. Additive manufacturing will reduce post-pro-

cessing, and also it does not require any framework.

However, in the meantime, concrete 3D printing is at the

starting stage, and it needs to evolve with the capacity of

printing structural elements. In future research makes it

possible to create the structural elements with reinforce-

ment by using 3D Concrete printing.

List of acronyms

[K] Stiffness matrix

M] Mass matrix

3D Three dimensions

ACI American Concrete Institute
FE Finite Element

FEM Finite Element method

g Acceleration due to gravity

H Denotes the height of free fall
HB Hammerhead pier beam
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LVDT Linear Variable Differential Transformer
m Mass of dropping a steel ball
MMA Moving Method Asymptotes
N Number of replicated impacts
O1 Impact strength at cracking
02 Impact strength at failure
OCM Optimality Criteria Technique
RCC Reinforced cement concrete
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