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Abstract
One of the material waste streams in the
construction of concrete structures is the waste

generated during cutting of steel bars to their final
required length. The amount of waste generated to
produce the required length of steel bars can be
affected considerably by the cutting patterns
adopted. Waste can, therefore, be minimized by
optimizing the cutting pattern to be selected. Cutting
patterns are a combination of bar lengths and, thus
any change in the required lengths directly affects
cutting patterns and the final amount of waste. This
paper presents a framework for selection of the
location of lap splices, through generating all
possible lapping patterns, which define the bar
lengths in cutting patterns. The focus is placed on
steel bars used in concrete columns as their
arrangement is affected by multiple parameters that
make the manual preparation of shop drawings a
tedious job. The developed framework is applied to a
case study involving the construction of columns for
an actual 6 storey building. The estimated waste
produced after the adoption of optimal lapping
patterns is compared with the actual waste
generated based on the project shop drawings. The
results indicate that considerable reduction in the
steel bars wasted is achievable by optimizing the
lapping patterns.
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1 Introduction

Minimizing the material waste generated during
construction is one of the major objectives in
sustainable construction due to its economic and
environmental benefits [1]. The economic benefits
include reductions in material procurement and waste
management costs. On the other hand, environmental
benefits include decreasing the need for extraction of
natural resources and reducing the carbon emissions and
energy use associated with waste processing [2, 3]. One
of material waste streams in the construction of concrete
structures is related to reinforcing steel bars waste,
accounting for up to 5 and 8% of the total waste in
public and private residential construction respectively
[4]. This waste is generated during the cutting of steel
bars from standard lengths to required lengths [5-7].

The amount of the waste generated during cutting of
steel bars can be affected considerably by the selected
cutting patterns and thus may be minimized by selection
of optimal cutting patterns. Cutting patterns are a
combination of various steel bar lengths; therefore, any
change in the required lengths directly affects cutting
patterns and the final amount of waste. This is where the
importance of engineering judgment, in terms of
choosing alternative bar arrangements leading to
different required lengths, becomes apparent [6-8].
However, due to the limitations of design software and
Building Information Models (BIM) in producing
comprehensive bar schedules, this process is mostly
done by hand without using any special calculation tools,
making the process a tedious and labour-consuming job
[6, 7]. As Chen and Yang pointed out, even more recent
developed software such as Tekla [9] which integrate
design data and automatically generate design drawings
still needs the engineer’s experience and judgment. In
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their study, Chen and Yang picked concrete beams as
one of the elements with the most complicated steel bar
arrangement and developed an automated framework to
generate shop drawings [6]. Porwal and Hewage also
presented a framework integrating BIM with
optimization techniques in order to minimize trim losses
in the design stage [7]. Different optimization
techniques such as Linear Programming (LP) [10],
Integer Programming (IP) [11], Sequential Heuristic
Procedure (SHP) [12] and Genetic Algorithm (GA) [5]
have been proposed by previous studies to minimize the
rebar trim loss referred to as one-dimensional Cutting
Stock Problem (1D-CSP). Although the framework
presented by Porwal and Hewage [7] can be the base of
future development of BIM software, in the meantime a
more practical methodology is needed to assist
structural designers, in the task of generating steel bar
arrangements that will lead to a reduction of trim loss.
The focus of this study is placed on steel bars used
in concrete columns as their arrangement is affected by
multiple parameters such as storey height, lap length
and bar size that make manual preparation of shop
drawings a tedious job. Including all these parameters in
a model that yields the best steel bar arrangement in
terms of the minimal final waste produced is a tedious
job and time consuming to perform manually. In this
study, a framework aiming at finding different cutting
patterns and optimizing them based on variable lengths
due to various possibilities for longitudinal lap splices
positioning within structural columns is developed. The
model is applied to a case project involving the
construction of columns for an actual 6 storey building.
The estimated waste produced after the adoption of
optimal cutting patterns is compared with the actual
waste generated based on the project’s shop drawings.

2  Methodology

The proposed framework for trim loss analysis
consists of four main modules; 1) Data collection
module, a data entry interface for gathering all the
required information needed to calculate the bar lengths,
2) Lapping pattern generation module that yields all the
lap splice positioning within the permitted intervals
specified by design codes, 3) Cutting pattern generation
module that generates all the possible cutting patterns
and 4) Trim loss optimization module that identifies the
optimal cutting patterns to minimize the steel rebar
waste generated during construction of concrete
structures (Figure 1). Each module is described in the
following sections. As shown in Figure 1, the trim loss
analysis starts once the structural design phase is
completed and all data regarding column sections,
including the section dimensions, steel bar size and the
number of steel bars, are finalized.

2.1 Data Collection Module

The data collection module is devised to provide the
analyzer module with the data required to perform the
trim loss analysis. As depicted in Figure 1, the
information required in the data collection module
comprises the number of stories of the building, storey
heights, steel bar size and number of each column
section, the overlap and hook length calculated based on
design codes, the slab thickness of each storey and the
foundation depth. These data are imported from the
structural BIM model into a database which is used by
the optimization code developed in MATLAB [13].

2.2 Lapping Pattern Module

Based on the ACI code, the lap splices of lateral
load resisting columns are permitted only within the
center half of the column length [14]. The overlap
lengths are usually shorter than the columns half-length,
therefore, the location of the center of lap can vary
within the interval obtained from that difference (Figure
1). The aim of the developed framework is to identify
the optimal rebar arrangements that will lead to a set of
cutting patterns that will minimize the trim loss of the
column steel bar and thus, minimize the steel trim loss
of the whole project.

The lapping pattern generation module developed
using MATLAB [13] yields all possible lapping patterns,
considering the allowable intervals specified in design
codes. The pattern generation code starts by importing
the data made available by the data collection module.
Then, the feasible region for the center of lap is
identified based on the length of each column (storey
height) and the overlap length required for each storey.
It is assumed that bars are cut into lengths that are
whole numbers. Thus, the length of the feasible region,
which is basically a length in centimeter, represents the
number of the center of lap positions. For instance, if
the difference of the allowable upper and lower bound
of the center of lap of a storey is 20 cm, there will be 20
different positions for the center of lap of that storey.
Due to the difference in height and required overlap
length of each storey of a column, the possible numbers
of positions for the center of lap tend to be different.
The role of the generation module is therefore to
generate all the possible combinations of the center of
lap positions for different stories of a column in a
building. Based on the concept of permutations with
repetitions [15], the total number of combinations for
each column will be the product of the number of
possible overlap positions for each storey height of that
column. In other words, if there are 15, 20 and 30
allowable positions for storey 1, 2 and 3 of a three
storey  building  respectively, there will be
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Figure 1. Framework for trim loss optimization of columns
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15 x 20 x 30 equal to 9000 different arrangements for
the lap splices of the columns of that building. The
number of different arrangements for this simple
example is indicative of the time and effort required for
manual generation of all the possible arrangements for
the columns in a typical building. To automate the
process, once all the possible patterns are generated and
stored in a matrix, the lengths of reinforcement bars of
different stories are calculated based on the positions
stored in that matrix. The length of dowels is calculated
considering the depth of the foundation and hook length.
Similarly, the length of steel bars of the last storey is
calculated considering the slab thickness and hook
length.

2.3  Cutting Pattern Generation Module

Cutting pattern generation module is responsible for
the generation of all feasible cutting patterns for each
set of lengths obtained in the previous step. In this study,
this is achieved using the algorithm developed by Pierce
[16]. First, the required lengths, 1, Iz, I3, ... , In, are
arranged in descending order. The required number of
each length is shown by di, d, ds, ..., dy. In the first
pattern (i = 1), the number of bars corresponding to the
longer required length (I1) that can be cut from the
standard length (L), A11, is the minimum of the number
of bars of that required length (d;), and the quotient of
the remaining length of the standard bar when divided
by the required length. This is repeated for all other
required bar lengths.

A= min[{lh“’dll (€
A, = minﬂL_I—A‘lllJ,dzj (2)

Ay =min| | —2—|.d, ®

Efficient pattern number i is [Ai1, Az, . . ., AN,
where Ajj is the number of demanded units of length |;
that are present in pattern number i. The algorithm
proceeds as follows: If in pattern number i, there exists

aj, 1< j< N, suchthat A; > 0 then let k be equal to
the largest j and proceed as follow:

Set Ail = A(i—l)l!"" Ai(k—l) = A(i—l)(k—l) (4)

Ay = A(i—l)k -1 (5)
k
L- Z‘I Al
Ai(k+1) =min| | ——— 1y (6)

This process continues until all the feasible patterns
are generated. The Pseudocode of this pattern
generation procedure can be found in Salem et al. [5].

2.4 Trim Loss Optimization Module

The next step is to select a combination of patterns
that minimize the trim loss, thus generating the
minimum waste possible. The optimization procedure
selected is Linear Integer Programming (LIP). The
model is formulated and solved using the linear solver
CPLEX [17]. The objective function and constraints
implemented are described next.

2.4.1 Objective Function

Equation below represents the objective function:

Minimize > (L, X; - (Q.B;V,)) @

ieP jed

The set notation adopted is as follows: The set of
patterns is indexed by i, such that the total number of
patterns obtained from the cutting pattern generation
module is P. The set of bar lengths demanded, which
are cut from the standard steel bar lengths L, of each
cutting pattern i, is indexed by the letter j. The total
number of demanded bar lengths is thus represented by
the letter J. Each pattern i, and each demanded length j
is associated with a single value that represents the total
number of bars of length j to be cut from L;, and this
value is represented by the notation Bj. V; denotes the
length of demanded steel bar j. A single type of decision
variable, an integer variable, Xi, specifies the number of
times that pattern i is used. For instance, if in the final
optimum solution, the value of X3 equals to 8 and the
value of Xs equals to 5, the cuts that would minimize the
generated waste are to use pattern number 3 a total of 8
times and pattern number 6 a total of 5 times. A total
summation over the entire set of patterns is minimized
to ensure that the solution produced is the one that
corresponds to the minimum trim loss throughout the
entire steel bar cutting phase in a project.
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2.4.2 Constraints

Two constraints are defined to outline the shape of
the feasible searching space for the algorithm. The first
constraint requires that the total demand of bar length j
is met by the solution. In particular, each demand d; is
set equal to the total number of instances a particular
length is used within the solution pattern generated.
This is to ensure that the set of lengths specified for
each structural column as dictated by the design plans
are met. The second constraint defines the domain of the
decision variable. This constraint ensures the integrity
of the decision variables, such that the variable x; can
take only integer values.
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3 Case Study

The proposed framework was adopted to obtain the
lapping patterns of the column’s steel bars of an actual 6
storey building. The data collection Excel spread sheet
was filled up based on the information displayed in
Table 1, acquired from the structural drawings of the
project (Figure 2). The standard length for the bars of
this project is 12 meters. The analyzer code was then
used to read the input data and perform the lapping
pattern generation, cutting pattern generation and
optimization operations.

Table 1. Structural data regarding stories and column
sections obtained from the ETABS structural design file

Story Bar | #of Hook | Overlap | Slab | Found.
height | size | bars | length length depth depth
357 25 24 35 145 20
340 25 20 35 145 20
340 25 20 35 145 20 100
340 25 16 35 145 20
340 25 16 35 145 20
380 25 12 35 145 20

Table 2 shows the cutting patterns and the number
of times each pattern should be used (Xi) to fulfill the
demand list while resulting in the minimum waste. A
total of 1620 lapping patterns, and accordingly 49031
cutting patterns, were generated. Lapping pattern
number 305 was found to produce the minimum amount
of waste compared to the other 1619 lapping patterns. A
total of 31 cutting patterns were generated for this
lapping pattern. Among these 31 cutting patterns, only 6

were used in the optimum answer. As can be seen in
Table 2, 48 bars with a standard length of 12 m, were
cut to fulfill the required bar demand, shown in the
Demand row of Table 2. The selected set of patterns and
Xi resulted in 41.43 m of trim loss, generating 7.2%
waste, considering the total length used (576 m).
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Figure 2. The original shop drawing prepared by
the consultant

To show the effectiveness of the proposed
framework, the bar demand list was prepared according
to the structural drawings (Figure 2) and entered to the
developed coded analyzer as the input for the third and
fourth module, i.e. pattern generation and optimization
modules. Table 3 shows the obtained cutting pattern
along with the number of times that each of them is to
be used (Xi) to fulfill the bar demand list. A total of 29
cutting patterns were generated, while only 7 patterns
were included in the optimum solution. As can be seen
in Table 2, 52 bars with a standard length of 12 m were
cut to fulfill the required bar demand list. The selected
set of patterns and X; resulted in 83.56 m of trim loss,
generating 13.4% waste, considering the total length
used (624 m).

Comparing the total amount of material used and the
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Table 2. Optimized cutting patterns based on lengths from actual shop drawing

Patterns — number of bars (B;;) of length V; to be cut from the standard length (L) NUTT;]bEYt(tJf time
each pattern is
- th:{:“:glnssoﬁi%n ) | V=535m | V2=5.18m | V5=5.05m | Vi=465m | Vs=4.65m Yoo | - USS%(:JECEEE&?&' XV fy | XixL

1 2 - - - - - - 6 64.2 72
- 2 - - - - - 10 103.6 120
14 - - 2 - - - - 8 80.8 96
19 - - - 2 - - 1 10 120 120
24 - - - - - 1 2 24 24
25 - - - - 2 0 12 142.2 144
Sum 48 534.8 576

Trim loss | 576-534.8=41.2

Total waste | 41.2/576=7.2%

Table 3. Optimized cutting patterns based on length generated from this framework

Patterns — number of bars (Bj;) of length V;j to be cut from the standard length (L) l:l_umber %f
ime eac
= = atternisused | X; xV;x B, | X.xL
iy | Ve=90m | Va=som | vezaom | va=asm | ve=aom | Yoo | | PR | T A R
solution (Xi)
1 2 - - - - - - 6 60 72
- 2 - - - - - 10 100 120
14 - - 2 - - - - 8 78.4 96
19 - - - 2 - - - 8 78.4 96
23 - - - - 2 - - 4 39.2 48
24 - - - - 1 1 1 12 140.04 144
26 - - - - - 4 155.4 48
Sum 52 540.44 624
Trim loss | 624-540.44=83.56
Total waste | 83.56/624=13.4%
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waste produced (Tables 2 and 3), reveals the
effectiveness of the developed framework and the
potential for reducing the rebar waste in construction
projects through optimizing the cutting patterns.
Optimizing the cutting patterns in the case project
resulted in 49.5% waste reduction and a saving of 7.7%
in the total amount of material used. Considering a unit
weight of 3.85 kg/m for the bar with a diameter of 25
mm, used for these columns, and the fact that 15 of
these columns were constructed in the case project, 2.77
ton of used steel bars and 2.43 ton of waste steel bars
could be saved. This could in turn, result in considerable
reduction in the cost of materials as well as the cost and
energy consumed to recycle steel bars at the end of life
of the structure. The proposed framework can also be
extended to optimize the cutting pattern for other
elements including shear walls.

4  Conclusion

Materials in the form of one-dimensional stocks
such as steel bars generate a major fraction of the
construction waste. This is due to the fact that these
stocks are usually purchased in standard lengths and the
required project lengths are shorter than the standard
lengths. In this paper, a framework aiming at
minimizing the trim loss, through automating the
processes of lapping pattern generation, cutting pattern
generation and trim loss optimization, was developed. A
case study was presented to illustrate the effectiveness
of the framework. The total amount of standard steel
bars cut and the amount of generated waste produced
after optimization were compared with those obtained
from the actual shop drawings. A decrease of 7.7% and
49.6% in the total amount of material used and
generated waste was observed respectively. The results
highlight the potential for considerable reduction in
rebar waste. Although, it should be noted that
customizing the cutting pattern to minimize the rebar
waste may in some cases add to the complexity of the

rebar installation operation and thus reduce productivity.

Therefore, careful consideration of costs and benefits by
considering the project specific conditions is required.
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