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Abstract. RFID is used in many areas of commerce, and in some areas
of the construction industry. Prefabricated, prefinished volumetric
construction (PPVC) is one area of the construction industry that can benefit
from the use of RFID. The full benefits cannot be realised by the use of RFID
alone. RFID needs to be coupled with Building Information Modelling
(BIM). This paper outlines a framework of marrying the two technologies in
constructing PPVC from the drawing stage to the delivery on site and then
to the final installation of the unit. The benefits of this union are in material
stock control, part location tracking, production scheduling
and re-scheduling, among other things.
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1 Introduction

RFID’s origins can be traced to the work on RADAR during the second world war [1, 2].
In 1948 Harry Stockman seminal paper, “Communications by means of reflective power”
[3], suggested what is today RFID, although he fully recognized the technical problems
involved, as it was not until the 1970s that Stockman’s ideas started to come to fruition [4].

Since the 1970s, RFID usage has grown to fill almost every corner and aspect of life,
including agriculture and livestock, defence and security, healthcare and welfare,
transportation and identification system [4]. It was as long ago as 1995 that Jaselskis et al.
[5] discussed the use of RFID tags in the construction industry. Since then the technology
of not only the tags but also the RFID readers have seen dramatic improvements, not just in
size and ability but also in a reduction in cost. The various suggestions of Jaselskis et al. were
clearly limited by the then cost of using RFID. Their proposal of tagging large objects, such
as gas cylinders and Concrete Trucks for tracking truck movements on and off-site illustrates
this.

RFID tags have a clear advantage over other identification systems such as Bar Codes or
QR codes, as they rely upon electromagnetic fields and not a line of sight. RFID tags may be
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active, semi-active, passive or semi-passive. Each tag type operates at a different frequency.
Active RFID tags have a battery as a power source. Passive tags do not have a power source.
For ease of understanding, semi-active tags can be considered as active tags without a battery,
and semi-passive tags as passive tags with a battery [6]. This is summarised in Table 1.

The passive RFID is the most common tag. The cost, depending on purchase volume,
is between US$0.07 and US$0.15%. The passive RFID is the one used in the foregoing
discussion.

Building Information Modelling or BIM has been defined in several ways. John Eynon
defines BIM as “Building Information Modelling is the digital representation of physical and
functional characteristics of a facility creating a shared knowledge resource for information
about it and forming a reliable basis for decisions during its life cycle, from earliest
conception to demolition” [7]. This is the working definition used in this paper.

Several AEC software packages support BIM. Revit, Tekla, Bentley and Archicad are
just four examples of widely used packages. Tekla Structures is the AEC software package
used in this paper for the design of prefabricated, prefinished, volumetric construction
(PPVC).

PPVC is usually used for multilevel constructions such as medium to high-rise residential
buildings. The modules are cast and assembled at a production location. All finishes, such
as plumbing, sanitary ware, electrical and HAVC, are installed prior to the units being
delivered and installed at a construction site. The benefits are really at the construction site
level where there is a reduction in manpower compared with in-situ construction and
environmentally, there is a reduction in construction noise and dust.

Blad! Nie mozna odnalez¢ Zrédla odwolania. illustrates a floor slab and three walls
each cast separately. Fig. 1 illustrates the assembly of a module comprising of a floor slab
and three walls. Following the necessary fitting out, the completed module is transported to
site where it is installed at its predefined location.

BIM models are data-rich. RFID is used to identify each component of a module. This
paper sets out a framework for marrying RFID and BIM, giving a synergy that greatly
benefits its users.

Table 1. Summary of RFID Tag Types

No Batteries

Batteries

Emitted Energy

Semi-Active. Tags become
temporally active when they receive
“power” from an RFID reader.

Active. Tags transmit a signal to be

read by an RFID reader. The tag data

can be read at distances of 30 meters
or greater.

Reflective Energy

Passive. Tags receive “power” from
an RFID reader. The data is
transmitted by reflecting this power
from the reader. (this is known as
backscatter modulation.) Data can be
read up to about 6 meters.

Semi-Passive. This is also known as
battery-assisted passive (BAP). The
data is read from the tag in the same
way as the passive tag. The battery is
used for its operating power. Data
can be read at distances of more than
30 meters.

2 The Framework

The marrying of RFID technology with BIM in the area of PPVC allows a systematic
approach to monitoring, managing and optimizing all aspects of the factory environment,
delivery to site and installation of modules.
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Fig. 2 shows an outline of the proposed framework. The Tekla BIM model, with details of
PPVC units, is imported to a central database. The importation of the site installation schedule
and the PPVC unit data are used to generate an optimised factory production schedule in
order to effect a JIT delivery at the construction site. All material quantities, from the BIM
data, allows for the minimization of stock holding costs through prudent stock control.
Drawing changes, leading to part modification or scrapping, are readily tracked using the

parts RFID.

Fig. 1. PPVC Module before Assembly

Fig. 1. PPVVC Module after Assembly
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Fig. 2. Outline of Proposed Framework

3 Deriving the PPVC Module Production Schedule

The PPVC module production schedule is calculated from the broad installation schedule,

which indicates an installation period for the block. The storey installation cycle is calculated

as in equation (1)

Number of Working Days in Installation Period 1)
Number of Storeys in Block

The PPVC factory needs to supply the building site with modules, at the required intervals
to meet the storey installation cycle.

From BIM, the number of components, walls, slabs, etc, are extracted, and a production
schedule is generated. For an optimal production schedule to be generated, additional
information on the factory layout pertaining to the area available for casting moulds, storing
moulds, for assembling PPVC components into modules is required. Space is one metric, the
other is time, i.e. the time for the various operations, e.g. fitting out the mould, pouring
concrete, time to demoulding, time for curing, time for assembling into modules, time to fit
out the modules ready for final installation and transportation time. Any subcontractor’s
information will also need to be included if one is used.

Storey Installation Cycle =

4 Extracting BIM Data

The digital model created by the designer, using propriety software, is not in a suitable format
for some subsequent process. Although the model contains ample information, propriety
software is not designed as a general database. To overcome this, relevant model data
is extracted from the BIM and stored in a suitable form on a central database.

https://doi.org/10.1051/matecconf/202031204005
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This paper is concerned with residential properties. The extracted database identifies
modules, storey location of the module, the residential block identity, and the propriety
software’s unique identity of the part.

5 Module Production and RFID Tracking

Fig. 3 illustrates the schematic for RFID allocation and tracking at all stages of the production
of a PPVC module. The process begins by applying an RFID tag at the point the part is
moulded. (The tag is readable, provided it is more than 3mm from rebar, or any other metallic
object. Any metallic object too near an RFID tag will interfere with the tag’s operation.)

Database Moulding

e —

Combining

Fig. 3. RFID Tracking at All Stages of Production

Once an RFID tag is added to a part, and the computer system is notified, the part becomes
trackable. The RFID reader used to read the tags, is connected, either directly or wirelessly,
to a computer system, which maintains pertinent information on the status of module parts.

RFID tags are registered, in the computer system, to a specific location. This is important,
particularly when more than one PPVC production site is used.

The registration of the tag is prior to using the tag on a module part. When the RFID tag
is attached to a part, the RFID reader reads the tag, which links the part on the computer
system to the RFID tag as well as its BIM identity. Following any change in the status
of a part, the part’s RFID is scanned and the status, eg moulding, demoulding, location in the
factory, destination when being transported, is updated.

PPVC modules, or combined parts, but not whole modules, can be transported for
a number of reasons. For example, the parts were produced at different production sites. The
fitting out of the assembled module is done at a different location to the production location.

Each component part of a PPVC module has its own unique RFID tag. Parts are not
necessarily assembled into a final module in one operation. Walls may be joined together
before being joined to a floor slab, for example. When parts are joined, their association
is recorded in the computer system. RFIDs are linked in the computer system in such a way
that identifying just a single part, identifies all linked associated parts. In this way, only one
part needs to be scanned for every module or group of parts to enable status updating
or location identification for example.

The RFID tag is automatically linked to the BIM component. When assembling parts
to compose a module, an authentication check is performed, ensuring the correct matching
of mould parts to a module
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6 Delivery and Site Installation

Completed and fitted out PPVC modules are transported to the construction site. This
is a status change in the module and all parts that comprise the module. Using the RFID of
the module (i.e. any part on the module), a despatch manifest is computer generated. Upon
arrival at the delivery point, the module’s RFID is read and they verified against the original
delivery information.

Completed PPVC modules are delivered to the construction site. At the construction site,
any part’s RFID is read to identify the module and its intended installation location in the
development. The installation location is obtained from the BIM model data of the
development.

7 Material Stock Control

The BIM model of a residential development holds the materials used in the various parts,
such as the rebar sizes and lengths and the type of concrete used. The physical measurements
of panels, length, width, height and volume are also found in the BIM model. Once the BIM
model has been completed, the total quantities of material required for the construction can
be calculated. This value can be used as a guide to the cost of production, for example. This
information combined with the PPVC production schedule gives a guide as to the periodic
stock requirement.

Each PPVC production location holds stock of some material, such as sand, cement, agate
and fly ash. Rebars cages and steel frames are often delivered to order. As module parts are
moulded, the RFID is the key to identifying the point of moulding, the stock required
to construct the prefabricated part can be depleted from the total stock held. The RFID links
to a given part, whose construction quantities are calculated from the BIM data.

There are several methods of stock control. One method is using the free stock approach.
This, coupled with delivery lead times of stock and minimum order quantities, facilitates
a more systematic method of stock control, based on what is built. It also enables the factory
to minimize their stock holding cost.

8 Scheduling and Rescheduling

Schedule disruption has many causes. Changes in design being one of them. If there is
a change in a module design after the production of the module has started, this has an impact
on the overall production schedule. The extent of which depends on the extent of the design
change. Using the BIM model, the design change can be identified, by means of versioning.
All parts that have been moulded, and their current status, are identifiable via their RFID.
The impact of changes on the schedule depends on whether the module part can be modified
or has to be scrapped. Modifying already moulded parts will often have a minor impact on
the schedule and stock. The scrapping of whole modules can cause delays in the schedule as
well as having an impact on the raw material stock.

The cost of scrapping is the material cost of the components plus the labour cost. The raw
material cost is the product of the raw material content, which is from BIM, and the unit cost
of the raw material, which is held on a database. The labour cost calculation depends on the
method adopted by the company.
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9 Case Study

The case study will not cover all the framework. It will cover the core of the framework; the
extraction of BIM model data, the assignment of RFID to parts, stock control, despatch and
delivery of parts/modules.

9.1 Extracting the BIM Model

Fig. 4 shows a residential unit modelled in Tekla. The residential unit consists of three
modules. The modules comprise of concrete walls, reinforcement bars, pipes, steel frames
and other smaller parts. Fig. 5 views the same residential unit after it has been imported into
the computer system.
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Fig. 5. Unit as Imported to Computer System

9.2 Registering RFID Tags

The registering of the RFID tags is at any point prior to their use. Fig. 6 illustrates 10 RFID
tags registered to production site A. These tags will have their first use at production site A.
The location of the tag changes when the part the tag is assigned to changes its location.
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=2
Mo. RFIDs

Production Site Registered RFID

Factory A | |1[] |
Registered RFID Production Site ™
0010184365 Factory A
0010212285 Factory A
0010207253 Factory A
0010185343 Factory A
0010178566 Factory A
0010185533 Factory A
0010192390 Factorv A v

Fig. 6. RFID Tags Registered to a Production Site

9.3 Assigning RFID Tags to Parts

At part moulding time, an RFID tag is attached or embedded in the concrete. The tag
is scanned. Fig. 7 shows the assignment of an RFID tag to a component wall. The cast wall’s
constituent parts are also shown.

%
+ @ Production Site  Factory A
Parts
Project ld.  [P49271A B Qty Part Name Profile Material Unit Volume
8 AnC 787.6x100 NG 0
Hiccie e = 1 ECC 200x1975.1 ECC 0
2 H16 HOOK D16 s275 0
Storey 1
Storey = 4 RHS-2 RHS100x100x5 S275 0
6 8 L100x126x6 275 0
Uit [B4A
= 1 S8 L126x100x10 5275 0
s
Cact Unit [BAa-WPOIN Obiects Reinforcement Bars
Qty  Descripton  Material  Unit Volume (m3)  Unit Weight (kg) Qty Grade Size Shape Mark  Unit Length
4 H 10 99 58 970
Rev. l:l 4 H 10 99 59 1060
RFID (0010180867
Location in Site

Fig. 7. RFID Assigned to a Part

9.4 Part Status

The RFID tag is assigned at moulding time. At demoulding time, the RFID tag is read and
the status is changed to demoulded. The part location is also updated. Fig. 8 is the general
part status change, which is used anytime there is a change in a part status. The RFID tag
is scanned and the current status is displayed

When an RFID tag is assigned to a moulded part, the raw materials used in the part are
automatically adjusted. Fig. 9 illustrates the current rebar stock and Fig. 10 illustrates the
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current raw material stock. The composition of the concrete is stored on a database. This is
used, with BIM data, to calculate the quantities by which to deplete the stock.

© Part Status Update - m} X

C @

Current Status Current Production Site Current Location in Site
RFID  [0010175782 | [Moulding | [FactoyA | [n21 |
; MNew Status Production Site Location in Site
Project [Demoilded | [Factory A | [G44 |
Block
Wall [B4a-WPQ2 |
Fig. 8. Part Status Change
Stock Enquires
& w

@ SR ST @ @ Production Site |Factory A

Grade Size Sha?e Mark  Reserved Quantity Free

Raw Material ROL ROQ Reserved Qty  Free(
Grade Size  Shape Mark Reserved Quantity Free ( ‘ | | | |
H 10 0 16 0
H 00 55 0 Raw Material ROL ROQ Reserved Qty  Free C
" e ; Fly Ash £33 4995 0 93 24
H w0 n s 0 TUBET751 10 100 0 24
H 10 11 152 0 Cement 25 200 0 72
H 10 12 50 44 Corse A 5 10 0 10
H 10 112 o Fine Sand 2 5 0 3
H 10 12 2222 30
H 10 13 75 0 Corse B 1 4 0 3
H 10 9g 1 0 Fine Grade Agate 29 56 0 0
H 10 99 50 0
H 10 99 51 0
H 10 99 163 2
H 13 0 18 0
H 13 0 2 1
Fig. 9. Rebar Stock Status Enquiry Fig. 10. Raw Material Stock Status Enquiry

9.5 Parts Transportation

RFID is used to identify the parts loaded onto a lorry for transportation from one location
to another. The lorry loading details are quickly produced directly from scanning the part
or parts. For module parts that are joined to other module parts, the scanning of just a single
RFID is sufficient to identify all joined parts. Fig. 11 illustrates the identification of parts to
compose a lorry load. Once the despatch information is printed, as illustrated in Fig. 12, the
status of the parts is automatically updated to show the part is on a particular lorry. Figure 13
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illustrates the arrival of a lorry load at a site. The parts’ RFID is read directly,
or the bar code on the despatch note is read. The part status is updated.

Delivery Type

@® Production Location

O Construction Site

Delivery Address

Delivery Instructions

By The Bay on the front
Bayside Construction

1, Mermaid Avenue
Singapore

195185

991100

(08:00 AM To 06:00 PI)

Deliver at Rear of location

RFID

Lorry Registration No. Departed Time  Delivery Note No.
LRY DEMO 0816 O 59

Project MNew Status
[0010175782 | P49271A On Lorry from Subcon
Type  Wallld RFID Block Storey Unit Module Weight Current Status
s B4a-WP02 0010175782 142 1 B4A M1 14373 N/A

Total Weight (kgs)

143.73

Fig. 11. Lorry Loading for Part Transportation

18-May-2018 07:05:19
Project: P49271A

Delivery Address

By The Bay on the front
Bayside Construction

1, Mermaid Avenue
Singapore

195185

991100

(08:00 AM To 06:00 PM)

Type Wall
S B4a-WP02

RFID

Lorry Reg. No.:

Deliver at Rear of location

(NI 142 1
0010175782

LRY DEMO

DESPATCH NOTE

Block Unit

B4A

Storey

Received Date/Time

Co. Chop.

Note Number: 59

Module Weight
M1 143.73
Total 14373

Fig. 12. Sample Despatch Note
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Delivery Address RFID Delivery Note No. Loy R No. Despatch DaterTime  Arival Time  New Status
By The Bay on the front 0010175782 [ 59] [ tRYDEMO | | 18-May-20180816] [o718 [
Bayside Construction
1, Mermaid Avenue
Singapore
;gﬂss Type RFID Wall Id Block Storey Unit Module Weight Status
(08-00 AN To 06-00 PM) s 0010175782 B4a-WP02 142 1 B4A Baa-M1 143.73 On Lorry from
Special
Deliver at Rear of lacation
Total Weight (kgs) 143.73

Figure 13. Delivery to Site

10 Conclusion & Future Work

The framework outlined in this paper has shown the positive benefits of marrying together
two technologies, RFID and BIM, which gives a firm foundation for the optimization of all
aspect of the construction, delivery and installation of PPVC units as well as ensuring the
correct part is assembled with its intended module. With component identification, at the
point of production, leading to full tracking of all processes and statuses of the component,
analysis of the efficiency of the production process can be readily analysed with remedial
steps taken to improve workflow efficiency.

The framework outlined here has not covered all areas, due to space and time constraint.
The areas omitted are the algorithms for the efficient production of the PPVC modules. There
are several scenarios to consider in this respect; (i) sufficient factory capacity for continuous
production by building storey, (ii) sufficient factory capacity but insufficient manpower/time
for continuous production, (iii) insufficient factory space for continuous production by
building storey, (iv) optimization of moulds, rather than using mould sets, i.e. all moulds for
a module.
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