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Chapter 1: Introduction

Concrete placement and vibration are vital activities that turn site workmanship
into an actual concrete product. Inappropriate placement and vibration can significantly
decrease concrete quality and cause an onset and development of concrete defects.
These work defects are the major concerns regarding the quality of construction
projects since they can have severe consequences on construction projects such as
delays, cost overruns, and disputes (Aljassmi and Han, 2012; Barber et al., 2000; Burati
Jretal., 1992; Josephson and Hammarlund, 1999; Love, 2002; Lundkvist et al., 2014;
Mills et al., 2009). Reduced concrete quality due to defects can cause frequent
maintenance and shorten the service life of a facility, and it can also elevate the safety
concerns of the residents or users of the facility. Furthermore, defects may cause
conflicts and legal disputes among the stake holders. These events not only result in a
financial loss in the current project, but also reduce opportunities to win the future
projects by damaging their reputation and competitiveness in the market. Therefore, it
is important to reduce work defects by ensuring proper performance of concrete
placement and vibration.

However, poor workmanship is not detected on the spot, and immediate and
corrective actions such as revibrating undervibrated concrete are hardly made during
the concrete operations. As a result, many projects still frequently face concrete quality
problems. These problems arise from the current monitoring method by human
supervisors and inspectors, which assumes that (1) supervisors can make a full

commitment to observing the concrete operations, and (2) their perfect perception can



catch every improper action of workers in every moment. In fact, it is not a practical
solution for all-time monitoring of compliance; supervisory control is sometimes lax
since all managers are busy dealing with the work progress. Moreover, such method is
not accurate because it involves inconsistent assessment in assuring conformity of rules
due to the managers’ different levels of knowledge, field experiences, and subjective
interpretations of the situation. Distractions and occlusions in the dynamic environment
of the construction site (e.g., concurrent tasks and laborers) make it difficult to achieve
continuous and immaculate detection of poor workmanship. As a result, concrete
defects are inspected and corrected after the concrete becomes hardened. Although
some defects can be repaired, such reactive method is inefficient because repair work
not only requires material, equipment, and labor costs, but it also needs inspectors’ time
for examination, evaluation, and documentation of the defects. Undetected defects and
slipshod repair work may lead to inferior quality of concrete which is unacceptable to
the owner.

Therefore, in order to help the managers to assure the quality of concrete
operations and to prevent the concrete defects in a proactive manner, this study
proposes a system to monitor the quality of workmanship in regard to concrete
placement and vibration. The system is designed to automatically collect data for
concrete placement and vibration practices and provide a warning when the observed
workmanship arouses suspicion of poor quality. The development procedure includes
(1) identifying key operational factors (KOFs) which determine good/bad
workmanship of concrete work, (2) reviewing and selecting appropriate positioning

technologies for collecting data of KOFs, (3) developing system modules that



integrates sensor data and creates warning instances, and (4) testing the system at a

testbed and a construction site.



Chapter 2: Literature review

The objective of this section is to collect and review information about concrete
placement and vibration. General procedures and mechanisms for placing and vibrating
concrete, causes and consequences of concrete defects, and the importance of
workmanship on concrete quality are reviewed. Lastly, previous efforts to reduce

concrete quality problems and remaining issues at construction sites are addressed.

2.1. Placement and consolidation of concrete

Concrete placement and vibration are performed to fill freshly mixed concrete
into the formwork uniformly without segregation and voids in concrete (Fig. 2.1).
These are the critical operations since the outcome will hardly meet the desired quality
and structural integrity if concrete is not distributed uniformly or does not fill the
formwork. When freshly mixed concrete is deposited, it normally does not fill the
spaces in the formwork and around embedded items (e.g., streel bars) with its own
weight. It remains to be honeycombed and contains large amount of entrapped air. In
general, the amount air before consolidation is in the range of 5 to 20% of its volume,
and such entrapped air causes concrete to be weak, porous, poorly bonded to the
reinforcement, and have a poor appearance (ACI Committee 309, 2017, 2005; U.S.
Department of Agriculture Natural Resources Conservation Service, 2008). Thus,
concrete must be properly placed and consolidated in order to remove entrapped air
and achieve the expected and desired properties.

Concrete pumps are the commonly used placement technique, which are

machines used for pumping and transferring fresh concrete to where needed. While



concrete is placed, internal vibrators, also known as the spud or poker vibrators, are
often used to consolidate concrete in slabs, beams, columns, and walls (U.S.
Department of Agriculture Natural Resources Conservation Service, 2008). They are
submerged into concrete to encourage subsidence of the concrete and to remove
entrapped air bubbles. As the vibrator is submerged, the internal friction of concrete is
reduced causing a rapid movement of the mixture. The liquefied mortar in concrete
begins to fill large voids between the coarse aggregates. Continued vibration from this
point makes remaining air bubbles rise up to the surface, and this is normally continued
until large air bubbles cease to appear and the concrete surface looks uniform (ACI
Committee 309, 2017). Special care should be exercised to the sections which are
structurally critical or those prone to have air voids and poor bond with the

reinforcement.

Fig. 2.1. Concrete placement and vibration work (McLoud, 2019; Reilly, 2016)



2.2. Consequences of improper placement and consolidation of concrete

The importance of workmanship has been widely recognized and addressed.
Community Associations Institute (CAI)’s survey results from 525 condominium and
homeowners association members represented that poor workmanship is the most
common cause of deficiencies (48.89%), followed by design (25.92%) and building
materials (25.20%) (Community Associations Institute, 2017). Hall and Tomkins
(2001) discovered from a case study that personnel-related causes, which include poor
workmanship and carelessness, accounted for 22% of the total number of defects and
18% of the total cost of incidents. A six-month monitoring of 7 building projects by
Josephson and Hammarlund (1999) found that 45% of the defect cost incurred from
workmanship, subcontractors, and site management issues.

Concrete work is not an exception. The concrete quality can be unacceptable if
performed with poor workmanship even when it is made of good quality materials and
proportioned and batched properly (ACI Committee 311, 2007). Malpractices
including inadequate vibration and placement of concrete can cause considerable
reduction in the durability of a structure. ACI 311.1R-07 (ACI SP-2(07)) Manual of
Concrete Inspection states that “This stage of work (concrete placement and vibration)
is the key point of the whole operation of concreting. Proper method of placing will not
only prevent segregation and porous or honeycombed areas but will also avoid
displacement of forms and reinforcement, secure a firm bond between layers, minimize
shrinkage cracking, and produce a structure of good appearance.” The author of the
book, Concrete Age, argued that 90 percent of poor concrete is caused by poor

workmanship while the rest comes from poor materials (Lowe, 1914). The study of



Rwelamila and Wiseman (1995) showed that a large percentage of concrete defects and
failures is directly caused by poor workmanship which can be prevented by adequate
supervision. Samarakoon and Ratnayake (2013) pointed out that improper
consolidation is one of the main reasons for concrete surface defects such as
honeycombs and air voids, and it is costly to repair them to a satisfactory level. Ahzahar
et al. (2011) argued that most defects and failure problems in residential building
projects are caused by poor workmanship.

Improper placement and vibration of concrete result in reduced mechanical
properties such as low compressive strength, high permeability, low abrasion resistance
and low bond stress with reinforcement (Cement Concrete & Aggregates Australia,
2006). A test performed by Whiting et al. (1987) evaluated the effect of consolidation
on the compressive strength, bond stress, and chloride permeability of concrete The
results of the experiment showed that 5% decrease in degree of consolidation caused a
loss of 30% of compressive strength and 50% of bond stress. Besides, poorly
consolidated concrete showed high permeability to chloride ions. Fig. 2.2 shows the
relationship between the amount of voids caused by a lack of consolidation and
compressive strength, flexural strength, and modulus of elasticity (Kosmatka et al.,
2011). The effect of vibrating concrete on concrete properties is dramatic, considering

that the entrapped air voids decrease from 20 percent to 0-5 percent after vibration.
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Fig. 2.2. Effect of voids in concrete on compressive strength, flexural strength,
and modulus of elasticity (Cement Concrete & Aggregates Australia, 2006;

Kosmatka et al., 2011)

Rathi and Kolase (2013) conducted experiments and analyzed the effect of cold
joint on compressive, flexural, and tensile strengths of concrete. They tested the
strengths of concrete when the half of the mold is filled first, and the rest is filled with
a time gap. In case of the cube-shaped specimen, 2-hour and 3-hour time gaps showed
7% and 10% decrease in compressive strength respectively (32.45 N/mm? and 31.45
N/mm?) than the those without a time gap (34.84 N/mm?). Flexural strength of beams
(11.13 N/mm?) decreased 11% with 2-hour time lag (9.95 N/mm?) and 20% with 3-
hour time lag (8.94 N/mm?), and the split tensile strength of cylinders reduced from
3.15 N/mm? to 1.88 (40% decrease) and 1.43 (55% decrease) N/mm? with 2-hour and

3-hour time gaps respectively.



In addition to the reduced properties such as strength and bond stress described
above, the defects may cause long term durability issues such as rapid carbonation of
concrete due to high porosity, expedited rusting and corrosion of exposed
reinforcement, increased stress and propagation of cracks induced by seeped water and
harmful agents (Roy et al., 1999; Siegfried, 1992). The quality problems due to the
latent defects can occur after a few years occupancy. Lin’s study (2007) showed the
correlation between rainfall and irregular stress on a concrete member. The increased
stress caused by rainfall’s seepage into defects was sometimes greater than 30% of the
compressive strength, and this indicates that an existence of defect can make a concrete
member vulnerable to its environment and cause frequent maintenance and/or a
reduced service life of the structure.

In many cases, improper placement and vibration leave surface and subsurface
defects with certain patterns and appearances (e.g., cracks, honeycombs, and air voids).
Many documents such as books, websites, articles, and reports have classified the types
of concrete defects and described their characteristics (BFI Building Forensics
International Inc., n.d.; Delatte, 2009; Graniterock, n.d.; Portland Cement Association,
2018, 2002; The Aberdeen Group, 2018). There is no uniform classification; some of
the documents include fundamental causes or phenomena of defects such as chemical
attack, segregation, and alkali-aggregate reactivity, but others do not. In this review,
we consider the defects that 1) are caused by poor workmanship of concrete placement
and vibration and 2) remain as a final form of the concrete. Table 2.1 and Fig. 2.3 show
the concrete defects and their workmanship-related causes regarding placement and

consolidation (ACI Committee 309, 2017, 2005; Ellsworth and Ginnado, 1991; Neeley,



1993). It should be noted that since concrete defects often appear on the surface of
concrete and are visually inspected, many documents use the terms ‘concrete defects’
and ‘concrete surface defects’ interchangeably. However, this study does not use the
term ‘surface’ when indicating the workmanship-cased defects because poor
workmanship can cause defects on and below a concrete surface. For example,
honeycombed areas can also occur inside concrete members when concrete is not
completely filled around reinforcement. They are hardly detected by a visual inspection,

can be especially troublesome, and difficult to be repaired (Siegfried, 1992).

Table 2.1. Concrete defects caused by improper placement and consolidation

techniques
Concrete .
defect Description Causes
Placement techniques:
e Excessive free fall of concrete
e Dropping concrete through
reinforcing steel
Caviis.of concrete whers concrele |+ DePOsItng excessive it o
could not reach, which have areas of concrete in forms (Placing too
’ much concrete at any one area
coarse and stony surface (The .
Constructor, n.d.). They are one of the ata tlme)_ .
Honeycom e e Segregation due to horizontal

b most serious defects which result from t of h

undervibration. They would allow rain movement ot :a pump hose
infiltration into the concrete member
and increase the risk of diminished
durability as a result of corrosion of

reinforcing steel.

Consolidation techniques:
e Too short immersion time
e Excessive spacing between
immersions
e Inadequate penetration
(Insertions of internal vibrators
at haphazard angles)

10



Air voids, also known as air pockets
and bugholes, are small cavities which
result from the migration of entrapped
air to concrete during placement and

Placement techniques:
e Too slow placement due to
inadequate pumping rate
e Concrete is deposited in thick
layers

Consolidation techniques:

Airvoid | consolidation  (Portland Cement | e Head of vibrator not
Association, n.d.). They frequently completely immersed
result due to undervibration and have | e Distance between internal
irregular sizes which range up to 25 vibrator insertions too far
mm. e Time at each insertion too

short
e Arow of insertions too far to
the form
Blisters are various-sized bumps
appearing on the concrete surface.
Their diameters are typically ranging
from a dime up to 25 mm, and
occasiona_lly 50 to 75 mm (Ne\_/ada Consolidation techniques:
Ready Mixed Concrete Association., e Insufficient vibration which
2019). They result from the bubbles of .
. o prevents the entrapped air from
entrapped air or bleed water which rise being released
Blister through the concrete and get trapped . o .
below the surface due to the already- *  Excessive vibration Wh'Ch
sealed surface (Portland Cement Ieaves_the s:urface W.'th.
Association, 2018; The Aberdeen excessive f|_nes that invites
Group, 2018). Blisters may occur early finishing
shortly after the finishing operation is
completed, and they spall off later
when exposed to freezing and thawing
(Ellsworth and Ginnado, 1991).
From streaking is fine or coarse
aggregate textured areas caused by Consolidation techniques:
mortar leaking through tie holes or - '
Form f - . e Improper timing between
orm joints (Zonda Media, 2000). It . LY
streak placing and vibrating

can be aggravated when placing high-
slump concrete and vibrators are too
powerful.

e Excessive vibration

11



Sand streak

Sand streaks are the trails of bleed
water where the cement paste and fine
aggregates are  washed away
(Kennedy, 2005). Sand streaks are
often caused by excessive bleeding
and mortar loss along the form where
water makes its way to the concrete
surface at the form face. They have
variation in color or shade due to
separation of fine particles.

Placement techniques:

Too rapid placement
Dropping concrete through
reinforcing steel

Depositing concrete in thick
lifts which prevents adequate
vibration

Consolidation techniques:

Excessive vibration
Overmanipulation of the
vibrator (Concrete moved
horizontally with the vibrator)

Discoloration refers to the non-
uniformity of color on the concrete
surface of a single placement (Nevada
Ready Mixed Concrete Association.,
n.d.). It is often visible within a few
hours after the formwork is removed.
There are various color patterns and

Placement techniques:

Improper placement which
causes segregation
The spattered mortar on the

Discolorati ) . form
numerous reasons of discoloration.
on (color . .
S Discoloration could be a form gross . . ,
variation) . . Consolidation techniques:
color changes in large areas, light spots e Vibrator too close to a f b
on a dark background, or vice versa. 1bra orﬂ:)ofc 0Se ofa orm by
Many documents point out variation in rgarrlngl ?b orm sur Zce
proportions and calcium chloride as | * hXtﬁma :j’; ration use
main reasons for discoloration. It may aphazaraly
also occur if concrete is not completely
mixed or not uniform.
Placement lines are dark colored
lines/zones formed at the boundary Placement technigues:
between concrete layers (Jeffery S. e Slow placement
Volz et al., 1997). They are common P
Pla | defects in concrete construction o . _
. X L Consolidation technigues:
cement line | resulting from undervibration.

Placement lines generally indicate that
the vibrator was not inserted deep
enough to penetrate the previous layer
which is below the one being vibrated.

Insufficient vibration (Failure
to penetrate the vibrator into
previous layer)

12



Cold joint

Cold joint is a joint or a plane of
weakness between concrete layers. It
is caused when a bottom layer of
concrete has hardened before the
following layer was placed, thereby
the two layers do not intermix (Jeffery
S. Volz et al., 1997; Suryawanshi et
al., 2014). Concrete with a cold joint
may not perform as a monolithic
element and show less strength. Cold
joints may also permit water
penetration which causes freeze-and-
thaw-damages and  rusting  of
reinforcing steel.

Placement techniques:

e Placing concrete too slowly
(Placing is not resumed
substantially before the surface
hardens)

e Lifts too thick

Consolidation techniques:
e Insufficient vibration (Failure
to vibrate into lower lift)

Subsidence
cracking

Subsidence cracking (plastic
settlement cracking) can be caused
when the upper concrete bridges
between the forms or between
reinforcement  while the lower
concrete settles near the time of initial
setting (ACI Committee 309, 2017).
This leads to the different degrees of
subsidence between the upper and the
lower concrete, resulting in the
development of tension. They are short
cracks varying in width, and more
often horizontal than vertical.

Placement techniques:
e Too rapid placement
e Insufficient interval between
placing the concrete in the
columns and placing the
concrete for the slabs or
beams.

Consolidation techniques:
¢ Insufficient vibration

Form
offset,
damage,
and failure

Form offset is typically caused by
excessive internal pressures and
inadequate stiffness or anchorage of
the forms (ACI Committee 309, 2017).
Such pressures can be caused by
excessive depth of concrete and the
dynamic  forces of prolonged
vibration.

Placement techniques:
e Placing rate too high
(Excessive depth of fresh
concrete)

Consolidation techniques:
e Excessive vibration (Vibrator
immersed too long)
e Non-uniform spacing of
immersion
e Horizontal movement of
concrete

13



2012)

Blister (Anupoju, n.d.) Form streak (ACI Committee
309, 2017

Sand streaks (Dnyan, 2017) Discoloration (Miley, n.d.)
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Pour line (The Concrete Society, Cold joint (Construction Mentor

n.d.) Online, n.d.)

=

Subsidence cracking (Gromicko  Form offset (ACI Technical
and Shepard, n.d.) Committee 347, 2014)

Fig. 2.3. Photographs of concrete defects

The defects described above are known to be harmful to concrete structures and
can be costly, but many documents and case studies of concrete inspection have
reported that they are still detected frequently in buildings and infrastructures (Ahzahar
et al., 2011; Davis, 2004; Neeley, 1993). Lin and Fan (2018) calculated the relative
importance of critical defects from a large amount of inspection records from 990
public construction projects in Taiwan. The importance was calculated based on the
frequency and effect size. Their result showed that substandard concrete placing and

ramming which results in cold joints, honeycombs, or pores was ranked second among
15



the 30 critical defects. Dahanayake et al. (2016) conducted a questionnaire survey of
experts who had experiences of 5-20 years in the building construction sector. Among
the 19 types of defects, honeycomb was found as the most frequent defect (25% of the
total response) in residential buildings. Love et al. (2017) analyzed quality failure costs
borne by contractors from the 7,082 case data of 218 projects. Concrete was ranked
second among 22 trades, accounting AU$5.45 million in total, and the major non-
conformances that increase the quality failure costs included the concrete defects (e.g.,

voids, honeycombing, and cracks) and issues during concrete pour and placement.

2.3. Current monitoring and supervision of workmanship

In this section, the general procedures that concrete is prepared, site-operated,
and inspected in construction projects are reviewed. The workflow of concrete
activities and defect inspection is shown in Fig. 2.4. During the entire course of
concrete work and defect inspection, managers have opportunities to assure the quality
from the previous step by means of testing materials, supervising work, and inspecting

outcomes.
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Concrete preparation and testing

Material handling and
preparation

Material testing

Site operation

Site inspection and
remedial work

— Defect inspection

Any non-conformance?

Formwork installation

Any non-conformance?

Concrete placement and
consolidation

Accepted

Any non-conformance?

Concrete curing

Remedial work

Concrete cylinder testing

v No
File record [«
Yes

Fig. 2.4. Procedures for concrete work and defect inspection

Formwork stripping

The concrete activities can be divided into three stages: procurement of concrete,
site operation, and inspection and remedial work. Procurement of concrete includes
handling and preparing materials, mix and delivery of concrete, and testing concrete
mix. The materials for the concrete mix are prepared in this stage according to standard
specifications. The individual materials and freshly mixed concrete are tested for
assuring the quality of concrete. At this pre-operational stage, it is common that
provisions in a construction contract require contractors and suppliers to comply with
American Society for Testing and Materials (ASTM) standard specifications and
testing methods. They introduce the procedures for measuring and preparing materials,
sampling and testing methods of individual materials, and field testing of freshly mixed
concrete. For example, freshly mixed concrete can be tested for its air content and
slump by following ASTM C173/C173M and ASTM C143/C143M. The test results of

the concrete are recorded for future reference and improvement.
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When fresh concrete is delivered to a site, general contractors and
subcontractors carry out on-site operations. During the operation, a manager generally
walks around the site to supervise whether the work practices are appropriate or not.
Monitoring and supervision should be executed with a particular care and attention for
timely and accurate feedback in order to prevent defects of the hardened concrete.
Several manuals and guides can be referenced by the manager to understand the
industrial standards and recommended operational practices. For example, ACI 309R-
05 Guide for Consolidation of Concrete introduces mechanism and methods of
consolidation and recommended practices. ACI 304R-00 Guide for Measuring, Mixing,
Transporting, and Placing covers the recommended field practices on placing concrete
in chapter 5 and the practices on concrete finishing in chapter 6.

Once the concrete is cured and formwaorks are stripped, its quality is inspected
to confirm the hardened concrete satisfies all aesthetic and structural requirements.
Non-conformances discovered at this point are subject to be corrected and repaired. In
general, concrete defects must be repaired as soon as possible because new concrete
bonds better with patching materials (U.S. Department of Agriculture Natural
Resources Conservation Service, 2008). The defective area of concrete must be chipped
out/removed until sound concrete surface is exposed. If the defect includes the area of
reinforcement, concrete around reinforcement may need to be removed to keep
clearance. Then, the surface is thoroughly cleaned to remove all dirt. Non-shrink
cement mortar, sometimes with a bonding agent, is applied to the wet surface. After

mortar has set, final surface is prepared by trowel. The texture and color are matched
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for aesthetic finish, and the repaired concrete is cured (Graniterock, n.d.; Portland

Cement Association, 2018).

2.4. Problems of the current method of monitoring workmanship

Concrete defects are often not prevented due to the following problems with
monitoring and controlling concrete operations. First, monitoring workmanship is
performed temporarily and intermittently. The current monitoring method is too time-
consuming and labor-intensive to be performed continuously because the managers
have to stay at the concrete workplace to assure that the workmanship complies with
the recommended practices. In fact, managers take care of the cost, schedule, safety,
and procurement of many construction activities performed by different crews and
equipment. It is unrealistic for the managers to put their entire focus solely on
performing all-time monitoring of concrete work. For this reason, their supervising task
of concrete work is conducted temporarily and intermittently, and thus, nonconformity
of rules and guides during work is often not detected. A lack of monitoring
accompanied with unskilled and inexperienced workers can cause disastrous results
(Ahzaharetal., 2011; Neeley, 1993; U.S. Department of Agriculture Natural Resources
Conservation Service, 2008).

Second, visual monitoring and inspection are error-prone and subjective (Kim
et al., 2015; Lundkvist et al., 2014; Park et al., 2013). The spatiotemporal information
collected by visual inspection can be erroneous due to obstacles and unfavorable
conditions of construction sites. Insufficient light in deep columns and girders and large

equipment such as tower cranes may obstruct the view of managers. Additionally,
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concrete work is performed by a crew consisting of workers who play different roles
(e.g., workers who manually adjust the direction of a pump hose, workers who operate
the pump hose by a remote-control device, workers who operate vibrators). Tracking
workmanship of all concrete workers performing different tasks simultaneously may
be challenging. Furthermore, decisions of supervisors may be inconsistent since their
interpretation and judgment vary depending on the level of knowledge and field
experience (Gong et al., 2015; Tattersall, 1991).

Last, the process of learning and improving workmanship is inefficient and
takes a long time. Inexperienced workers without the requisite expertise and know-how
need to go through several trials and errors by performing the work and evaluating the
resulting quality. Concrete requires time to cure, and thus, the workers may have
already forgotten their motions during the placement at the time of formwork removal.
This time gap reduces the learning rate of workers, meaning that more practice is
needed to improve their workmanship. The problem of low-learning rate also applies
to project managers. The knowledge about concrete quality and workmanship only
remains in the memory of project managers, which are often forgotten and distorted.
Not having tangible workmanship data has been an obstacle to extract and share
knowledge with other project managers and workers for effective improvement. For
example, if managers know the frequency and impact of a particular misbehavior (non-
conformity) and its contribution to a certain type of defect, they will be able to prepare

detailed plans and instructions to reduce its occurrence.
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2.5. Problem of heavy reliance on inspection and repair

Due to the limitations of visual monitoring of workmanship described in
Section 2.4, faulty site workmanship is common, and the resulting quality problems are
managed by a diagnostic and corrective approach, which is to inspect and repair (Love,
2002; Lundkvist et al., 2014). Although inspection and corrective actions are very
important to meet the desired quality level for the final product, they are merely
methods for correcting non-conformances ‘after-the-fact’, meaning that they are
inherently reactive (Lundkvist et al., 2014). Repairing defects can be technically
difficult, costly, and require more effort than taking preventatives because the concrete
has already hardened and gained strength (ACI Committee 309, 2005; Graniterock,
n.d.; Kennedy, 2005; Rwelamila and Wiseman, 1995). It may also affect the
productivity and performance of other critical construction activities.

Moreover, performing inspection and repair does guarantee good quality.
Human visual inspection can be erroneous: some defects may not be detected by an
inspector or omitted during the input (Kim et al., 2015; Lundkvist et al., 2014; Park et
al., 2013). The concrete quality after repair may not be satisfactory if the newly applied
material is not bonded well with the existing concrete (ACI Committee 309, 2005).
Even worse, it might be impossible to attain the desired quality through a repair and
reworking the entire member/section from the beginning is the only option. For these
reasons, many documents address that concrete defects should be prevented by
following proper placing and consolidating procedures (Anupoju, n.d.; BFI Building

Forensics International Inc., n.d.; Neeley, 1993).
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2.6. Previous studies on improving monitoring of on-site concrete workmanship

The major problem in monitoring and controlling concrete workmanship is that
the monitoring work is time consuming, discontinuous, and highly dependent on the
visual perception of the managers. Managers may not detect the poor concrete work
quality on the spot and fail to make immediate actions. Some studies paved a way to
achieve effective monitoring and documentation of concrete work through applications
of sensor technologies (Table 2.2).

Lee and Skibniewski (2019) introduced a conceptual framework of a concrete
work monitoring system. The proposed system utilized ultrasound (US) positioning
and computer vision technologies to perform monitoring on 14 key operational factors.
Gong et al. (2015) tracked concrete vibration efforts by utilizing ultra-wideband
positioning sensors. They collected the trajectory data of the vibration head from indoor
and outdoor experiments, tested the tracking accuracy, and visualized the movement.
The experiments were conducted from simulated work without freshly mixed concrete.
Tian and Bian (2014) developed a GPS-and-Global Navigation Satellite System
(GLONASS)-based system for tracking the trajectory of the vibrator. They attached a
carbon fiber bar with a mobile antenna to a vibrator and tracked the vibration duration
by estimating the head’s location. They assumed that the antenna’s horizontal
coordinates are the same as the head’s coordinates. In the follow-up study, Tian et al.
(64) developed a GNSS-based visual monitoring system of concrete vibration. They
attached antennas to worker’s wrists and estimated the vibrator’s tip assuming that the
tip was on a linear line between the two hands. The system was designed to warn the

worker when concrete is undervibrated. Wang et al. (2021) developed a vibration
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quality monitoring method using computer vision and an infrared sensor. The infrared

sensor was used to measure the distance between the sensor and the concrete surface,

while a camera captured concrete surface images. They attached the system to a heavy

vibrator machine that has multiple vibrating bars on its head.

Table 2.2 Studies about monitoring on-site concrete workmanship

Supported
Author Technology Purppse of managerial Sensor attgchment
collecting data i location
decisions
Ultrasound . Authors determined Ultrasound
Lee and o Tracking a pump - sensors at a pump
o . | positioning key workmanship
Skibniewski sensors and hose and a factors for hose, and cameras
(2019) computer vision vibrator’s location monitorin at known
P g locations of a site
Gong et al. U(!giftii'(\)’:?iieband Visualization of No The vibrator’s
(2015) Eensors g vibrator’s location head
Global
go:'lttelr%nzg%’S) & Tracking vibrator’s At the tip of a
Tian and G)I/obal location and No carbon fiber bar
Bian (2014) Navigation visualization of attached to the
Satel?i te System vibration effect vibrator
(GLONASS)
Undervibration and
Monitoring overvibration were
Wang et al. Computer vision | concrete surface detected based on T_he heavy .
(2021) . L vibrator machine
quality the vibration depth
and duration
S Undervibrated area
Visualization of :
Global vibration effect and and its volume were
Tianetal. | Navigation 2 warning function detected based on The vibrator
(2019) Satellite System gn the moving operator’s wrists
to construction .
(GNSS) trajectory of a
workers :
vibrator

2.7. Previous studies on improving inspection of concrete and defect management

A vast amount of research was focused on the post operational stage which is

to inspect defects and store and utilize acquired information of the defects. This
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indicates that there have been strong needs for inspecting and repairing concrete defects.
These studies have developed (1) tools for automated defect detection that capture a
quality deviation quickly and accurately and (2) defect management information

systems that facilitate storing and utilizing defect data.

2.7.1. Concrete quality inspection

After formwork is stripped off, inspectors walk around the site to gather and
record defect data (Kim et al., 2008; Kwon et al., 2014). They check whether the as-
built status agrees with the drawings and specifications, often by going through and
filling a checklist. Inspection should be carried out thoroughly to detect all quality
problems. Inspectors may perform non-destructive testing if more information is
needed for accurate diagnosis.

The procedures for visual inspection require a significant amount of time and
effort. An existence of defect should be checked for every surface of concrete members,
and the information about defects (e.g., location, pattern, width, length, and depth)
needs to be measured and recorded. Equipment such as aerial work platforms may be
used for close inspection. Moreover, manual visual inspection can be erroneous.
Defects may not be detected by inspectors for several possible reasons. Concrete
surfaces may be occluded by machinery and equipment, water pipes and air vents, and
other structural elements during the inspection. A bad lighting condition can make it
difficult to see the surface clearly. It is also possible that the inspector is negligent when
passing by the defects.

For the reasons above, many studies tried to improve the performance of on-

site concrete defect inspection. They contributed to achieving objective and accurate
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inspection while reducing time and effort in defect inspection. Kwon et al. (2014)
developed a defect detection system using marker-based augmented reality and image-
matching techniques for effective and automated defect management. The image
matching technology was utilized to compare pictures taken from assigned locations
with 2D virtual images. The system could automatically recognize dimensional errors
and omissions. In the study of Radopoulou et al. (2016), a framework of detecting
defects of a road such as longitudinal cracks, traverse cracks, alligator cracks, patches,
and potholes was proposed by using a video camera, an accelerometer, and a GPS
device. The detected defects were then classified by the defect type and severity. Kim
et al. (2015) introduced a system framework which utilizes building information
modeling (BIM) and 3D laser scanning technology for dimensional and surface quality
assessment of precast concrete elements. The method showed an accuracy of 2.5mm in
estimating dimensions of a precast panel and an average accuracy of 86.9% in
estimating defect area and volume loss of spalling. Adhikari et al. (2013) developed an
image-based detection and condition rating system of spalling, cracks, and exposed
reinforcement on concrete deck slabs of a bridge. Three condition indexes were
designed to calculate and quantify the conditions of sub-element, element, and the
entire bridge. Abdel-Qader et al. (2003) compared four edge-detection algorithms: fast
Haar transform (FHT), fast Fourier transform (FFT), Sobel, and Canny, in terms of
their effectiveness of identifying cracks in 50 concrete bridge images. FHT showed the
highest accuracy of 86%, followed by Canny (76%), Sobel (68%), and FFT (64%).
Valenca et al. (2017) introduced a new approach of combining image processing and

terrestrial laser scanning to detect and assess cracks in concrete bridges. Laser scanning
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was conducted to get the 3D geometry information of a bridge, and this information

was used to perform orthorectification of images.

2.7.2. Defect management information systems

Traditionally, defect data have been stored unorganized without having a
unified format or a systematic approach to collect, process, and store the data. It was
common that defect data were initially generated and stored in various forms: checklists,
memaos (on notepads or sticky notes), photos, and paper spreadsheets (Lee et al., 2016).
Then, they were retyped in a digital format (e.g., Word Document, Excel Workbook,
PDF). Such data input procedure is time-consuming, costly to implement, and has a
high rate of error and omission due to the duplicated input process (Kim et al., 2015,
2008). Furthermore, querying data from a database may also be time-consuming if the
data is uncategorized or fragmented.

In order to solve the problems regarding storing and utilizing defect data, many
studies have developed information systems that enable easy storage and access of
defect data (Lee et al., 2016). Park et al. (2013) introduced a conceptual framework of
a concrete defect management system. They proposed to use an ontology-based defect
collection template to capture essential contents of defect information, which also
allowed search and retrieval of project or work-specific defect information. Kim et al.
(2008) proposed a web-based defect inspection and management system for an
apartment construction project in South Korea. The system stored defect data using a
Personal Digital Assistant (PDA) by filling a checklist at a site. By interconnecting

information such as facilities, trade contractors, materials, and defect types, it helped
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generate electronic checklists for the inspector. Wang (2008) developed a radio-
frequency identification (RFID) and web-based quality inspection and management
system to enhance data acquisition and information sharing of lab test results of
concrete specimens. An RFID-enabled PDA was used to enter and edit data as well as
to scan RFID tags. Silva et al. (2017) introduced an expert system to improve inspectors’
performance by offering background knowledge of defects. The system contains
information of anomalies on architectural concrete surfaces such as their classifications,
probable causes, diagnosis methods, and maintenance and repair techniques.

These studies of defect information systems reduced data losses and damages
by simplifying and standardizing acquisition and retrieval of defect data collected
during inspection. They improved the quality of defect data, reduced the time and
money spent on appraisal, enabled quick documentation, and helped managers easily

access the historical data (Lundkvist et al., 2014).

2.8. Summary

As the importance of workmanship on the quality of concrete has been widely
recognized, studies have been conducted to improve monitoring of concrete work,
inspecting the quality of concrete, and storing and accessing defect data. However, in
spite of all these efforts, the following problems were found in monitoring concrete
workmanship.

e Lack of monitoring of concrete placement quality: The previous studies have
focused only on vibrating efforts. Vibration work of concrete can be

appropriately understood when the placement work is tracked together. Without
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knowing the location and height of fresh concrete, it would be impossible to
determine whether the concrete is vibrated.

Lack of warning and decision support: The previous studies visualized the
trajectory of vibrators, but the quality of workmanship remained to be evaluated
by managers.

Limitations on site conditions: The applied technologies such as GNSS cannot
be used indoor or at a place surrounded by objects that block the clear view of
the sky. Hence, the suitability of the system was highly dependent on the
location and surroundings of the project.

Inaccurate sensor data: Although tracking performance of sensor technologies
was directly affected by occlusions, some studies located sensors where the
line-of-sight is not secured. To be specific, sensors attached to a vibrator head
may yield unreliable data because vibrators are occluded by workers and other
equipment and submerged into concrete.

Changes to worker’s operation: The previous studies required significant
changes to the way that concrete workers normally operate. They assumed that
(1) vibrators are always located vertically, (2) a vibrator shaft is so stiff that it
maintains an unbent cylinder shape, or (3) workers always use both hands when
vibrating concrete. Site workers may be reluctant to change their work practices

according to the new technologies.
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Chapter 3: Methodology

3.1. Statement of purpose

Many concrete quality problems are caused by a lack of timely workmanship
control. Because concrete workmanship is not continuously and accurately captured by
the current human-performed visual monitoring method, project managers focus on
inspecting and repairing defects, which is reactive and costly. Therefore, efforts should
be made to encourage timely feedback and corrections on poor workmanship. In this
way, concrete quality problems caused by poor workmanship will be minimized and
even be prevented (BFI Building Forensics International Inc., n.d.; Graniterock, n.d.).

The research question of the dissertation is ‘How can managers acquire the
information about workmanship of concrete placement and vibration for timely
decisions, without spending a large amount of time for monitoring?” To answer the
guestion, a positioning-sensor-based solution for real-time monitoring and assuring the
quality of workmanship was designed and developed. The system performs data
collection on concrete placement and vibration with the sensors attached to concrete
equipment, continuously compares the observed work-related parameters with the
threshold values, and alert the user (e.g., manager/superintendent) when observed

workmanship does not comply with the recommended practices.

3.2. Development procedures

Fig. 3.1 shows the procedures for developing the concrete work monitoring

system. First, appropriate and inappropriate practices of concrete were determined.
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This study focuses on the common concrete placement and vibration techniques that
use concrete pump hoses and internal vibrators (also as known as spud or poker
vibrators). Manuals, reports, and guidebooks about concrete work and inspection were
reviewed to determine the key operational factors (KOFs). Then, these KOFs are used
to figure out their parameters for measuring and determining the compliance or
violation of the KOFs. For example, the parameter of the KOF, ‘Compaction must be
done while concrete is still plastic’, can be the time gap between placing and vibrating
concrete. By measuring the time gap, the violation of the KOF can be monitored and
determined.

The next step is to select appropriate real-time positioning technologies for
collecting the KOF data. Available real-time positioning technologies were reviewed
and compared in terms of their reading range and accuracy based on the literature and
product specifications. Then, sensor devices of the selected positioning technologies
were procured and tested for their accuracy in a lab environment. After determining the
technologies, the solution and its 4 modules were designed and developed. The

modules will be explained in detail in Section 3.8-3.11.
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Fig. 3.1. Procedures for developing the concrete work monitoring solution
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The developed solution was tested at a testbed and a construction site to
evaluate its performance. The accuracy was assessed in two ways: (1) by examining
observed locations of vibrator insertions with a video recorded during the work and (2)
by investigating warning instances. If data had low accuracy or a warning instance was
a false alarm, the possible reasons and remedies were investigated. In the site
application, the concrete surface quality was visually inspected to check if there is a

quality problem not found or prevented by the solution.

3.3. Determining key operational factors (KOFs)

In this study, key operational factors (KOFs) are defined as critical placement
and vibration workmanship which determines the quality of concrete. Among the
reviewed documents, the guidebooks and manuals published by American Concrete
Institute (ACI) deliver in-depth knowledge about concrete procedures. For example,
ACI 309R-05 Guide for Consolidation of Concrete, ACI 304R-00 Guide for Measuring,
Mixing, Transporting, and Placing, ACI 308R-01 Guide to Curing Concrete, and ACI
347R-14 Guide to Formwork for Concrete cover the recommended worker’s practices
during site operation of concrete. ACI 309R-05, which intensively deals with concrete
consolidation, introduces mechanism and methods of consolidation and recommended
practices. ACI 304R-00 covers a more comprehensive scope of procedures than ACI
309R-05 such as handling, measuring, and batching concrete. It describes the
recommended field practices of placing concrete in Chapter 5. The Chapter 9 of ACI
Manual of Concrete Inspection describes proper placing techniques for minimizing

separation of coarse aggregate from mortar.
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Table 3.1 shows 15 KOFs and the consequences of violation. These factors are
what managers focus up on to timely feedback to the workers. The first 6 factors are
about the practices of concrete placement, while the remaining 9 are about vibration.
A factor not included in KOFs is ‘Vibrators should not be held against the
reinforcement’. Some documents recommend to avoid touching reinforcement with a
vibrator because it may reduce the concrete-to-steel bond strength or displacement
(Cement Concrete & Aggregates Australia, 2018, 2006). However, ACI 309R-05 states
that this fear is groundless. “Careful examination of hardened concrete consolidated in
this manner has uncovered no grounds for such fears. When the concrete is still mobile,
this vibration actually increases the concrete-to-steel bond through the removal of
entrapped air and water from underneath the reinforcing bars.” —ACI 309R-05 Guide
for Consolidation of Concrete.

There were some controversial factors which ended up being included as KOFs:
Factor 3. Avoiding excessive free fall height, Factor 5. Avoiding direct placement on
vertical forms, and Factor 6. Avoiding direct placement on reinforcing bars. Some
documents address that the free fall height of concrete should be appropriate, without
directly striking reinforcement or a vertical form since it may cause segregation when
the stream of concrete is separated. Other documents and field studies argue that free
fall of concrete does not cause segregation, even when concrete strikes the rebar cage
(American Society of Concrete Contractors, n.d.; Litke, 1992; STS Consultants Ltd.,
1994; Turner, 1979). Since it cannot be guaranteed that segregation never occurs no

matter what proportion of concrete mix is used and how and where concrete is placed
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(e.g., free-fall height, the speed and angle of dropping concrete, and the degree of

reinforcement of the area that concrete strikes), they were kept as KOFs.

Table 3.1. Key operational factors (KOFs) and the consequences of violation

Key operational factors Consequences of violation

Uniform placement layer

Crews should deposit only as much concrete as
1 can be consolidated efficiently (ACI

Committee 309, 2017; ACI Committee 311,

2007; Kosmatka et al., 2011)

Honeycombs, air voids, form
offset, and sand streaking

Continuous placement

Placement should continue before the initial set
of the previous lift (ACI Committee 304, 2002;
ACI Committee 309, 2017; ACI Committee
311, 2007; Cement Concrete & Aggregates
Australia, 2018; Kosmatka et al., 2011)

Cold joints and pour lines

Avoiding excessive free fall height

Placing concrete should be from an appropriate
3 height (ACI Committee 309, 2017; U.S. Segregation

Department of Agriculture Natural Resources

Conservation Service, 2008)

Vertical drop of concrete

Concrete should drop vertically (ACI
Committee 304, 2002; ACI Committee 311,
2007)

Segregation

Avoiding direct placement on vertical forms
5  Concrete should not be placed directly on Segregation
vertical forms (ACI Committee 311, 2007)

Honeycombs, sand streaking,
and/or segregation. Reduced
bond between reinforcement
surfaces and mortar due to
premature coating

Avoiding direct placement on reinforcing
bars

Concrete should not be placed directly on
reinforcing bars (ACI Committee 311, 2007)
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Appropriate vibration duration

Concrete should be vibrated for an appropriate
duration (ACI Committee 309, 2017; Neeley,
1993; U.S. Department of Agriculture Natural
Resources Conservation Service, 2008)

Appropriate insertion depth

Vibration sticks should be inserted to the
sufficient depth (ACI Committee 309, 2017;
ACI Committee 311, 2007; Kosmatka et al.,
2011; Neeley, 1993; U.S. Department of
Agriculture Natural Resources Conservation
Service, 2008)

Appropriate distance between insertions
Distance between insertions of the vibrator
head should be appropriate (ACI Committee
304, 2002; ACI Committee 309, 2017; ACI
Committee 311, 2007; Cement Concrete &
Aggregates Australia, 2018; Kosmatka et al.,
2011; Neeley, 1993; U.S. Department of
Agriculture Natural Resources Conservation
Service, 2008)

10

Inserting vibrators close to forms
Vibrators should be kept close of the form face
(ACI Committee 309, 2017; Neeley, 1993)

Undervibration: honeycombs,
excessive entrapped air voids,
pour lines, and cold joints

Overvibration: segregation,
loss of entrained air, form
offset, and sand streaking

11

Continuity between placement and vibration
Compaction must be done while concrete is
still plastic (ACI Committee 311, 2007,
Cement Concrete & Aggregates Australia,
2018; Kosmatka et al., 2011)

Honeycombs and cold joints

12

Avoid touching forms with a vibrator
Vibrators should not be allowed to touch the
forms (ACI Committee 309, 2017; Cement
Concrete & Aggregates Australia, 2018, 2006;
Neeley, 1993)

Form offset, form damage and
deflection, and burn marks on
the finished surface
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Appropriate penetration and withdrawal
speeds of vibrators

Vibrators should quickly penetrate the concrete
layer and be removed slowly to remove
entrapped air (ACI Committee 304, 2002; ACI

13 Committee 309, 2017; ACI Committee 311, | A" Voids and blisters
2007; Cement Concrete & Aggregates
Australia, 2018, 2006; U.S. Department of
Agriculture Natural Resources Conservation
Service, 2008)
Appropriate penetration and withdrawal
angles of vibrators Pour lines and cold joints.
Vibrators should be inserted and withdrawn Unsystematic insertions at
14 vertically (ACI Committee 304, 2002; ACI haphazard angles cause
Committee 311, 2007; Cement Concrete & undervibration of the lower
Aggregates Australia, 2006; U.S. Department | layer while accumulating
of Agriculture Natural Resources Conservation | mortar at the top surface.
Service, 2008)
Avoiding dragging a vibrator
Dragging a vibrator through the concrete
should be prohibited (ACI Committee 304,
15 2002; ACI Committee 311, 2007; Cement Sand streaking and

Concrete & Aggregates Australia, 2006;
Kosmatka et al., 2011; U.S. Department of
Agriculture Natural Resources Conservation
Service, 2008)

segregation

parameters and recommended values were investigated (Table 3.2). The parameters are
spatiotemporal data of concrete and concrete equipment which can be measured by
real-time positioning technologies. The recommended values of the parameters varied
depending on the source of information and work conditions. For example, ACI
Committee 309’s recommended layer depth of concrete was 500 mm for wall and

column placement work while the Cement Concrete & Aggregates Australia

In order to determine the compliance or violation of KOFs, their measurable

recommended 300 mm.
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Table 3.2. KOF parameters and their recommended values

Component and work Recommended
Parameter - Source
conditions values
- General concrete
i \I/_v;)rrke mats and - Not exceed 20 in. (ACI Committee
g (500 mm) 309, 2005)
heavy pedestals
- Walls and columns
- General concrete - Not be deeper (ACI Committee
work than 20 in. 311, 2007)
- Deep sections such (Cement Concrete &
as walls, footings i @?&Ut 300 mm Aggregates Australia,
and large columns ' 2006)
- About 150 to 500
mm (6 to 20 in.)
- Reinforced depending on the (Kosmatka et al
The layer b width between 011
1  depthof members forms and the )
reinforcement
- About 380 to 500
mm (15 to 20 in.)
de_pendlng on the (Kosmatka et al.,
- Mass work width between
2011)
forms and the
amount of
reinforcement
- About the length
- Inregular ﬁi;geo\rllb;zg;“ (Kosmatka et al.,
formwork g y 2011)
a maximum of
500 mm (20 in.)
- In general
Time gap of | - Unless hot - 1.5 h (between (Gillette, 1912;
placement concrete -
2 mixing and Kosmatka et al.,
between temperatures or compacting) 2011)
layers high cement P g

contents speed up
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hydration
excessively

Height of the
discharging

General concrete
work

Not exceed 1.2
m.

(Minnesota
Department of
Transportation,

point (free 2003)

fall height) at s | .

pump hoses Wgr:sra concrete - rI:l1ot exceed 1.5 (Varghese, 2016)
Angle of the (ACI Committee
discharging General concrete . 304, 2002; ACI

point at work - 90 deg (vertical) Committee 311,
pump hoses 2007)

Duration that
concrete is
placed on
vertical
forms

General concrete
work

0 s (not allowed)

(ACI Committee
311, 2007)

Duration that
concrete is
placed on
reinforcing
bars

General concrete
work

0 s (not allowed)

(ACI Committee

304, 2002; ACI

Committee 311,
2007)

Duration that
a vibrator
head stays as
inserted into

Concrete of
average
workability (i.e.,
slump of 80 mm)
with a poker size
between 25-75
mm

About5to 15 s

(Cement Concrete &
Aggregates
Australia, 2018)

General concrete

(ACI Committee
309, 2005; ACI

concrete work - About5to15s Committee 311,
2007; Kosmatka et
al., 2011)
(Cement Concrete &
\S;vgrgsral concrete - About 15t0 20 s Aggregates
Australia, 2006)
(ACI Committee
Depth of a 309, 2005; Cement
vibrator’s General concrete ) ﬁ??ﬁttolti% mm (6 Concrete &
insertion into work orevious layer Aggregates
concrete Australia, 2006;

Kosmatka et al.,
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2011; U.S.
Department of
Agriculture Natural
Resources
Conservation
Service, 2008)

General concrete
work

- 1.5 times the
radius of action.
(See Table 5.1.5
of (8) about the

(ACI Committee
309, 2005; Kosmatka
etal., 2011; U.S.
Department of
Agriculture Natural

Distance radius of action) Resources
9  between Conservation
insertions Service, 2008)
- No more than 14 (XS Dﬁpartmetnt Olf
General concrete inches from the gn;u ure Natura
work last insertion esources
point Con_servatlon
Service, 2008)
General concrete
work
i A third vibrator is
E(;ts\}:;ecﬁ used on largerand | gggﬁ;} ?r?er?on:m (ACI Committee
forms (where more critical jobs face 309, 2005)
10  concrete is It may be less
placed) and powerful than the
their closest other two
insertion General concrete - About 50 mm (Cement Concrete &
work clear of the form Aggregates
face Australia, 2006)
General concrete
work
. Unless hot
gémegﬁp concrete - 1.5 (between (Gillette, 1912;
11 placement temperatures or mixing a_nd Kosmatka et al.,
and vibration high cement compacting) 2011)
contents speed up
hydration
excessively
(ACI Committee
Duration that 309, 2017; Cement
a vibrator General concrete Concrete &
12 touches a work - 0's (not allowed) Aggregates
form Australia, 2018,

2006; Neeley, 1993)
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(U.S. Department of

Vibrator's - Atarate of 30 to Aariculture Natural
insertion/wit | - General concrete 61 mm/s 9
13 . Resources
hdrawal work (withdrawal :
speeds speed) Con_servatlon
Service, 2008)
- General concrete
work (ACI Committee
- May not be 309, 2(_)05; ACI
Angle of the applicable to thin Committee 311,
vibrator slabs as the 2007; U.S.
14 when vibrator is - 90 deg (vertical) Department of
inserted/with Agriculture Natural
drawn recommended to Resources
completely Conservation
Immerse Service, 2008)
horizontally
Distance of a
vibrator’s
horizontal - General concrete (ACI Committee
15 movement work - 0m (notallowed) 311, 2007)
while
inserted

3.4. Review of real-time positioning technologies

Available positioning technologies and their fundamental capabilities were

reviewed and compared in order to choose the best approach for the addressed problem.

Table 3.3 was excerpted and updated from the studies of Karunaratne et al. (2010) and

Gong et al. (2015). As for an initial screening, two aspects were reviewed to check the

applicability of the technologies: a reading range and accuracy. The minimum reading

range was set to 10 m, and the accuracy was to be equal to or lower than 20 cm to

minimize misinterpretations and wrong decisions. The technology is supposed to work

in an area surrounded by tall buildings or mountains or in a building that has a lot of

vertical components (e.g., walls and columns) with heavy construction equipment.
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Ultra-wideband (UWB), ultrasonic (US) and computer vision technologies met
our needs in terms of the reading range and the accuracy. Although computer vision
has high accuracy with a long reading range, the fact that it solely depends on vision
can be a major disadvantage as it is sensitive to visual occlusions of sight by workers
and equipment, changes in brightness and colors, vibrations, inclement weather
conditions, and the changing shape of concrete equipment (e.g., vibrators). These
limitations need to be overcome by algorithms in order to make this technology
applicable. For these reasons, this study did not select computer vision. Between the
remaining two, UWB and US, US positioning technology is usually less expensive than
UWB, while both have similar performance, output datatype and mechanisms of
calculating positions. Therefore, US positioning was chosen for the tracking system in

this study.

Table 3.3. Comparison of real-time positioning technologies

Real-time Readin
positioning Description g Accuracy
range
technology
0.01 m with
differential
A space-based satellite navigation Whe_re GPS, error
: satellite | accumulates
system that allows a GPS receiver to . .

GPS . " L signals reach | with dead-
calculate its position by timing the . : .
signals sent by GPS satellites (Qiand Liu, | reckoning

' 2017) (Kao,
1991), 2-5
m others
A technology that uses radio waves asa | Passive 10 m

RFID way of identifying, locating, and Active 100 1-3m

tracking objects. m
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A technology that uses diffused IR to

Infrared (IR) X . 10 m 5-10 m

achieve room-level locating.

Wi-Fi (IEEE | A technology that relies on 802.11 i
802.11) networking for real-time locating. 100 m 1-5m
Zigbee
(IEEE A technology that operates based_on_the 10-100 m 1m

802.15.4) IEEE 802.15.4 standard for localization.
Ultra- A technology that uses radio waves with
wideband large band %dths to track radio tags 30m 0.01m
(UWB) g gs.
A technology that determines the Can be used
o : ) where
Cellular- | position of the mobile device by
M . . . cellular 50-200 m
based indicating the cell site which the mobile
devi networks are
evice uses. .
available
Computer A technology for Fje_tectlng ob_ject§ inan Visible A few
Visi image and recognizing the object in . .
ision L distance | centimeters
successive video frames.
30m
(“Marvelmin
d indoor
. | A'technology that uses ultrasonic pulses | navigation | 0.02 m (Li
Ultrasonic - ..
to calculate receiver’s position. system et al., 2016)
operating
manual,”
n.d.)
3.05-6.1 m
(10-15 ft)
A technology that enables localization of | (Ascension
. . 0.013m
Electromagn | small electromagnetic sensors in an Technology
. I ) . ; (Polhemus,
etic electromagnetic field without line-of- Corporation, nd.)
sight (91). n.d,; o
Kindratenko,
1999)
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In addition to US technology, electromagnetic (EM) technology was selected
to overcome a major shortcoming of US technology: sensitivity to line-of-sight
between sensors. Although US technology meets the system requirements in terms of
reading range and accuracy, conditions of general construction sites may not be always
favorable to the technologies that require line-of-sight among the devices. For example,
a vibrator machine is often occluded by other objects (e.g., workers, equipment, forms,
and structural members). Therefore, a solution that combines US and EM technology

was proposed for collecting positioning information of objects.

3.4.1. Ultrasonic positioning technology

Ultrasonic (US) positioning technology utilizes ultrasonic waves which have
higher frequencies than the audible limit of human hearing to acquire a tag’s location
(Karunaratne, 2010). A tag attached to an object emits a unique ultrasonic signal, and
the signal is sensed by receivers. The tag’s location can be calculated using the
information of the signal such as its speed, departure time and arrival time. US
positioning technology has many advantages which helped it gain popularity (Table
3.4). Ultrasonic waves cannot penetrate walls and are negligibly affected by the
surroundings, which means that the system is not disturbed by ultrasonic waves in other
rooms (Karunaratne, 2010; Qi and Liu, 2017). It offers centimeter-level accuracy with
a low system cost, and it can also track multiple mobile nodes simultaneously (ljaz et
al., 2013). However, its performance can be influenced by the environmental conditions
such as humidity and temperature (Bohn, 1987; ljaz et al., 2013). Ultrasonic signals
quickly fade away and travel a short distance when humidity is high, and the speed of

US signals is directly affected by temperature. For example, the speed of sound at 0
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degrees Celsius is 331.4 m/s while it is 349.1 m/s at 30 degrees Celsius. Many devices
offset these effects by integrating with a temperature or a humidity sensor. External
noises could be a problem that affect its accuracy, but they are often low-frequency and
can be filtered by algorithms (ljaz et al., 2013). An example of configuration and

application of US technology is shown in Fig. 3.2.

Table 3.4. Advantages and disadvantages of US positioning technology

Advantages Disadvantages

- Improved accuracy and performance ) ) _
- A large-scale implementation will
- Low system cost .
) _ ) require several readers that would
- Multiple object tracking ) )
- make installation costly
- Scalability ) ) ) )
o - Acoustic trackers including ultrasonic
- Ultrasonic signals are weakly i
) _ trackers suffer from occlusion
influenced by surroundings
. ) - Accuracy can be affected by the
- Ultrasound has negligible penetration ) o )
] ) _ environmental conditions: air
of walls, so it does not disturb or is )
_ _ _ movements, external noises,
not disturbed by ultrasonic waves in o
humidity, and temperature
other rooms
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(ZigBee)
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Coordinator control (ZigBee)

Fig. 3.2. Configuration and application of US positioning technology (Qi and

Liu, 2017; Robot driving fully autonomously using Marvelmind “GPS,” 2019)

Ultrasonic waves have been used in the construction field, mostly to measure
the distance between two points. Kanan et al. (2018) proposed a real-time system for
monitoring safety of workers. The system utilized ultrasonic waves to measure the

distance between a vehicle and a worker. Zhou and Ding (2017) developed an Internet-
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of-Things-based system to achieve improved safety at underground construction sites.
They installed ultrasonic detectors to construction vehicles such as excavators and
dump trucks to avoid collision and improve safety. Jang and Skibniewski (Jang and
Skibniewski, 2009) introduced a framework of a construction materials tracking system
by embedding an ultrasonic device into a MICAz platform, a ZigBee compliant low-
power wireless module. They conducted a pilot experiment to evaluate its accuracy and
performed a cost benefit analysis by comparing the implementation costs with manual
and RFID tracking methods and examining the qualitative benefits of a sensor-based
system. Lee et al. (2009) developed a mobile safety monitoring system which senses
human and inanimate objects by utilizing ultrasonic and infrared sensors. It could warn
the manager by either showing a pop-up message on a computer screen or sending a
text message. Shirai et al. (2004) developed an ultrasonic underwater positioning
system to locate machines used to construct and maintain port facilities. Their
simulation results showed the positioning system achieved the accuracy of less than 10

cm.

3.4.2. Electromagnetic positioning technology

Electromagnetic (EM) positioning devices localize electromagnetic sensors by
measuring magnetic fields generated by a source of known geometry (Franz et al.,
2014; Strickland, 2007). Since the idea of electromagnetic tracking was presented by
Wynn et al. (1975), a number of patents, books, and papers have developed and
improved the idea, and there are currently several commercial EM tracking systems in
the market (Attivissimo et al., 2018). Fig. 3.3 shows an example of configuration and

application of EM positioning technology. EM tracking system has not been widely
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used in the construction field. However, it has been researched and applied in the
medical and clinical fields, for example, tracking medical instruments in surgical
interventions and guidance of biopsies (Kellermeier et al., 2017; Kickuth et al., 2015;

Narsule et al., 2012).

Multiple
Wireless Hubs

RF/USB Module

=5 -

Proprietary
RF Protocol

Host-resident
Tracking Engine
curnpules P&O

Fig. 3.3. Configuration and application of EM positioning technology (“G4 User

Manual,” 2013; Tracking the Finger Movements of a Guitarist, 2016)

The advantages and disadvantages of EM positioning technology are

summarized in Table 3.5. The EM tracking method is very accurate with the positioning
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error less than 1 mm in suitable surroundings, responsive with high update rates of 40-
250 Hz in practice, and has low levels of latency (Franz et al., 2014; Strickland, 2007).
Moreover, the EM tracking technology does not require line-of-sight (Franz et al.,
2014). However, it has several drawbacks: small area of coverage and distortion. The
coverage area is determined by the size of the magnetic field generated by the source,
which ranges up to 5 meters according to the comparison by Franz et al. (2014). Thus,
the EM source must be placed close to the sensor. Distortion of the geometric of the
magnetic field caused by ferromagnetic materials and external currents and other
magnetic fields can compromise the system’s accuracy (Franz et al., 2014; “G4 User

Manual,” 2013; Strickland, 2007).

Table 3.5. Advantages and disadvantages of EM positioning technology

Advantages Disadvantages
- High accuracy - Small area of application
- Does not require line-of-sight - A large-scale implementation will
between the EM source and sensors require several sources that would
- Multiple object tracking make installation costly
- Scalability with multiple sources - Accuracy is affected by distortion
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3.5. Development of the monitoring solution and its modules

3.5.1. System overview and sensor integration

The overview of the solution for monitoring concrete placement and vibration
work is presented in Fig. 3.4. It consists of the following modules: (1) Module for
extracting data from drawings, (2) Module for processing and merging sensor data of
concrete placement and vibration work, (3) Module for updating the status of concrete
placement and vibration, and (4) Real-time warning module which continuously checks
if there is a violation and sends an instant message to a manager when the collected
data value is out of the expected range.

The system performs data collection from three different sources: Structural
drawings, US positioning sensors, and EM positioning sensors. Structural drawings
contain design information such as locations of structural members, compartment, and
a concrete element type (e.g., slabs and columns). With the geometric information of
concrete members, the system creates objects (concrete points and placement grids) for
tracking the status of placing and vibrating concrete. US and EM positioning sensors
collect the real-time location of a pump hose and a vibrator. US technology can cover
a larger area, but it requires line-of-sight between the emitter and the receiver. On the
other hand, EM technology does not require line-of-sight between the EM source and
the sensor, while it needs to keep the source near the sensor. For these reasons, US
positioning technology was used to track the vibrator operator and the pump hose,
which usually stay above the slab and experience less occlusions. EM devices were
attached to the vibrator shaft because it is often lowered during the vibration work. The

US sensors for tracking the vibrator operator and the EM source were installed in a way
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that they move together and keep the same distance and angle so that the source’s
position, tilt, and rotation are taken into consideration when integrating the data from
two different sensor systems (Fig. 3.5). The EM sensors were attached to the vibrator
shaft instead of the head because (1) the sensors may fail from the shaft, (2) they can
be broken due to the water and strong pressure in the concrete, and (3) distortions

caused by mass steel may affect the accuracy.

Module 1: Extract design information

(" N
R | Module 3: Update status
&/ of placement and vibration Module 4: Real-time warning
e 3 R ~
! ) -
& Information of concrete
components
L A —
- p
Module 2: Process and merge
sensor data
s Status of placement and Warning instances of concrete
) I:JItr.asomc ) vibration placement and vibration work
positioning devices \. J - J

T
J Integrated sensor data

Electromagnetic

\ positioning devices /

Fig. 3.4. Overview of concrete placement and vibration work monitoring system

50



vt ;

&~

Fig. 3.5. Vibrator with positioning sensors

After all required design information is extracted and the sensors are installed,
the locations of the sensors during concrete placement are collected. The data are
transferred to a PC and compared to thresholds values set by the project manager to
make sure they are within the acceptable range. If a violation is detected, which means
that the value is out of the expected range, the system alerts the manager about the
violation so that immediate actions can be taken. The data of violation should be
summarized so that the manager can understand the issue quickly and accurately. The
system helps the managers understand the issue and communication efficiently by
attaching a 2D or 3D map with the violation time, location, and the statistical summary

to the warning message.
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3.6. Technical specifications of US and EM positioning sensors

The US positioning devices and their technical specifications used in this
project are shown in Fig. 3.6 and Table 3.6. There are three types of US devices:
stationary sensors, mobile sensors, and a modem. Mobile sensors are placed on moving
objects and emit US signals which are received by stationary sensors mounted on walls
or ceilings. The modem interacts with the sensors, calculates their locations from
trilateration and delivers the location data to the connected computer. An inertial
measurement unit (IMU), an electronic device which uses accelerometers and
gyroscopes, is also included in the mobile sensors to measure the orientation, velocity,

and gravitational forces.

Fig. 3.6. US positioning devices
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Table 3.6. Technical specifications of US positioning devices (“Marvelmind

indoor navigation system operating manual,” n.d.; Marvelmind Robotics, n.d.)

Maximum distance between
sensors

Up to 50 meters in lab conditions

Location precision

1-3% of the actual distance

Update rate

1/20 — 25 Hz (without IMU)
100 Hz (with IMU)

Battery capacity and
lifetime

Stationary sensor: 750 mAh

Mobile sensor: 1000 mAh

From 2 days to several months depending on the
mode of operations

Size and weight of devices

Mobile sensor: 55x55x65mm (with 50mm
antenna), 59 grams

Stationary sensor: 47x42x15mm, 32 grams
Modem: 60x35x35mm, 17 grams

Maximum distance between
sensor and modem

Up to 100 meters

Four types of EM devices were used in the study: a source, a hub, a dongle, and
a sensor. The EM positioning devices and their technical specifications are shown in
Fig. 3.7 and Table 3.7. The source generates an electromagnetic field to track the
sensors within a certain range from the source, normally up to 4.88 m. The data of EM

sensors are first delivered to the hub, which computes the position and the orientation
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of each sensor and sends the data wirelessly to the dongle. The USB-powered dongle

feeds the data to the connected computer.

Fig. 3.7. EM positioning devices

Table 3.7. Technical specifications of EM positioning devices (“G4 User

Manual,” 2013)

Coverage Up to 4.88 meters from the source

1 meter: 2 mm root mean square
2 meters: 6.4 mm root mean square
3 meters: 12.7 mm root mean square

Location precision
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Update rate - 120 Hz per sensor

Battery lifetime - Hub: More than 10 hours

- Hub: 106x19x66mm, 114 grams
- Source: 103.4x103.4x102.9mm, 726 grams
Size and weight - Sensor: 22.9x28.2x15.2mm, 9.1 grams (head

only)
- Dongle: 54.4x16.8x9.1mm

Maximum distance between

hub and dongle - Upt012.19-18.29 m

3.7. Performance tests of US and EM positioning sensors

Before integrating US and EM sensors, each was evaluated for the update rate
and accuracy. Two accuracy tests were conducted. Accuracy test #1 measured the
location of a sensor which moved linearly from one point to another. The data were
then used to fit a straight line by linear regression, and the R-squared value and the
average deviation from the line were calculated. No occlusion was introduced during
data collection. Accuracy test #2 used two sensors installed at a fixed distance from
each other. The measured distance between the sensors was compared to the known
distance. The results from test #2 could be more realistic than test #1 because (1) the
sensors could move to various directions and speeds, and (2) the test involved errors
due to occlusions by the person who was in control of moving the sensors. In the update
rate test, multiple sensors (4 US mobile sensors and 3 EM sensors) were used to collect

data because an update rate may vary depending on the number of sensors running
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simultaneously. The update rates for US and EM sensors were calculated respectively

by following Eq. 3.2.

Total number of timestamps

Update rate = (Eq. 3.2)

Duration X Total number of sensors

3.7.1. Test results of US positioning sensors

In Accuracy test #1, 416 data points were collected for 62 seconds. The line
parameters were calculated by linear regression (Fig 3.8). The R-squared value of the
regression model was 0.991, and the average error distance was 0.8 cm. In Accuracy
test #2, 1,099 data points were collected for 174 seconds from two mobile US sensors.
The number of irregular data points which show the distance between the sensors too
close or too far was counted. Since the measured timestamps of the sensors did not
exactly match, the location of one sensor was recalculated by linear interpolation. The
interpolated data had 539 pairs of points of the two sensors. 97% of them (512 data)
were within the error of 20 cm, while 501 (92%) were within 10 cm. In the update rate
test, 2,221 data were collected from 4 US sensors for 319 seconds. The calculated
update rate was 1.74 Hz. We concluded that this update rate is sufficient to track

movements of concrete workers and equipment.
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0.5

y = 0.2988x - 1.2294
R2=0.9915

Fig. 3.8. Accuracy test #1 results of US positioning sensors

3.7.2. Test results of EM positioning sensors

In Accuracy test #1, 6,776 data were collected for 67 seconds. The R-squared
value of the fitted model was 0.988, and the average error was 0.6 cm (Fig. 3.9). In
Accuracy test #2, two EM sensors were installed 20 cm apart from each other. 14,835
data were collected for 175 seconds from each sensor, and the average calculated
distance between the sensors was 19.8 cm. Only 0.9% (131 data) of the total data
showed an error of larger than 5¢cm. The EM sensors showed high accuracy in the two

tests. 44,505 positioning data were collected in the update rate test for 175 seconds
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from 3 EM sensors. The update rate per sensor was 84.9 Hz, which was higher than

that of the US sensors.

1.5

y=0.1961x + 0.4273
R?=0.9882

0.5

-0.5

Fig. 3.9. Accuracy test #1 results of EM positioning sensors

3.7.3. Summary of test results

Regarding the update rates, the test results showed that they are sufficient to
capture motions of a pump hose and a vibrator. The US and EM sensors showed 1.74
Hz and 84.9 Hz, respectively. Both sensors delivered accurate data, indicating that there
will be no significant accuracy issue when concrete work is tracked by US and EM
sensors. The reduced accuracy of US sensors in test #2 compared to test #1 denoted
that the accuracy of US sensors was affected by occlusions. Thus, the location of the
US sensors should be carefully chosen to minimize positioning errors.
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3.8. Module #1: Extract design information

The purposes of Module #1 are (1) to extract the geometric information of forms
and congested reinforcement, and (2) to create internal points and placement grids of
concrete members which will be used for monitoring placement and vibration. The
procedures are shown in Fig. 3.10. First, a coordinate conversion matrix which converts
the coordinates of CAD drawings to those of US sensors is calculated. This system
deals with positioning data of two different coordinate systems: the CAD and the US
sensors coordinates. The points in the drawings are expressed in the CAD coordinates,
while the collected positioning data are in the US coordinates. Hence, the corner points
of concrete members are converted to the US coordinate system so that the streaming

positioning data are directly used without a conversion.
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Fig. 3.10. Procedures for extracting design information

A coordinate conversion matrix (4x3) is calculated with a set of CAD points
and their corresponding US points (Eg. 3.3). There should be at least three
corresponding non-collinear points in both coordinate systems to calculate the
conversion matrix. For example, if four points of a CAD drawing are (2.4257, -3.8481,
2.0000), (-0.5743, -3.8481, 2.0000), (-0.5713, 1.2446, 2.0000), (2.4257, 1.2446,

2.0000) and their corresponding points are (3.0000, 0.0000, 0.0000), (0.0000, 0.0000,




0.0000), (0.0030, 5.0920, 0.0000), (3.0000, 5.0930, 0.0000) in the US coordinate

system, its conversion matrix is calculated as Eq. 3.4.

Pcad Pus
Aix A1y A1z 1 blx bly blz
Azx A2y QApz 1 by be b,
A3y A3y 043z 1 |xXC= b3x b3y b3z (Eq 3.3)
Anx Qny OQnz 1 bnx bny bnz
Pcad : The matrix of CAD points (n x 3)
C : The coordinate conversion matrix (4x3)
Pus : The matrix of US points (n x 3)
n : The number of points used for conversion
Pcad T [ Pys

24257 —3.8481 2.0000
—0.5743 —-3.8481 2.0000
—-0.5713 1.2446 2.0000

2.4257 1.2446  2.0000

3.0000 0.0000 0.0000
0.0000 0.0000 0.0000
0.0030 5.0920 0.0000
3.0000 5.0930 0.0000

XC =

[ U Y

1.0000 0.0000 0.0000

_ | 0.0000 0.9999 0.0000
¢= 0.0000 0.0000 1.0000 (Eq.3.4)

0.5743 3.8476 —2.0000

After the corner points of concrete members are extracted and converted to the
US coordinate system, plane parameters of forms and congested reinforcement areas
are extracted. These parameters can be used to calculate where concrete is placed and
whether a vibrator head touches the form face. For example, the distance between a

vibrator head located at a point (x,, Yo, Zo) and a form face on a plane ax + by + cz +
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|laxo+byg+czo+d|

d=0will be D = NEEETYEvE]

. The equations to get plane parameters when three

points (A, B, C) are given on the plane ax + by + cz + d = 0 is shown in Eq. 3.4.

AB
AC

(By —Ayx, By — Ay, B, — A,)
(Cx — Ay, Cy — Ay, C, = Ay)
AB x AC = (a, b, ¢)
a=(B,—4,)(C,—4,) — (B, —A)(C, — 4,)
b= (B, —A)(Cx —Ay) — (By —Ay)(C, — Ay) (Eq. 3.4)
¢ = (By = 4)(Cy — Ay) = (By — 4,)(C — A)
d= —(an + bA, + CAZ)
= —(aBy + bB, + cB,)
= —(aCx + bC, + cCy)

The last step in Module #1 is to create placement grids and internal points of
concrete from the corner points of concrete members. They are used to track the
placement and vibration status of concrete members. From the minimum and maximum
values of x, y, and z of the corner points, the candidate placement grids and internal
points are generated. Some of the grids and points may exist outside the forms when
the concrete member is not aligned with x and y axes (Fig. 3.11). These candidate grids
outside the member are eliminated by checking if the grid area within the forms is 0,
while the points are removed if they are not surrounded by six surfaces of a concrete
member. To be specific, the area of a grid within the forms can be calculated by using
the 4 grid lines and the 4 side form lines. In this study, a Python package ‘Shapely’ was

used to calculate the area. Filtering the candidate points followed the steps: (1) getting
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three pairs of surfaces facing each other of a concrete member, (2) calculating the
normal vectors of which the dot product is negative so that they face each other, (3)
plugging the internal point X, y, z values in the formulas of the facing planes and

multiply them, and (4) removing points if the multiplication returns a negative value.

-ax+by+cz+d=0

LN, @
Point inside_
the forms

X0, Y0, Z
(x0,Y0,20) L~ ex+fy+gz+h=0

L] Point outside
the forms

Grid outside
the forms

Fig. 3.11. Generating internal points of concrete member

Each internal point has its X, Y, Z values and belongs to a placement grid of a
concrete member based on the location (Fig. 3.12 (a)). The internal points below the
concrete height in the grid are marked as ‘concrete placed’. These points start
measuring the wait time to make sure vibration is performed while concrete is plastic.

The placement grid table includes the grid area and the heights of bottom and top
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surfaces of each grid (Fig. 3.12 (b)). Fig. 3.13 is an example image of a concrete

member from Module #1.

(a) Concrete internal points

component placement placement placement_ placement_ placement_ placement_

_id _grid_x _grid_y grid_x_min grid_x_max grid_y_min grid_y_max
0.696 1.534 -2.000 0 0 0 0.6 1.514 1.435 2.231
0.696 1.534 -1.924 0 0 0 0.6 1.514 1.435 2.231
0.696 1.534 -1.848 0 0 0 0.6 1.514 1.435 2.231
0.696 1.534 -1.771 0 0 0 0.6 1.514 1.435 2.231
0.696 1.634 -2.000 0 0 0 0.6 1.514 1.435 2.231
0.696 1.634 -1.924 0 0 0 0.6 1.514 1.435 2.231
0.696 1.634 -1.848 0 0 0 0.6 1.514 1.435 2.231
0.696 1.634 -1.771 0 0 0 0.6 1.514 1.435 2.231
0.696 1.733 -2.000 0 0 0 0.6 1.514 1.435 2.231
0.696 1.733 -1.924 0 0 0 0.6 1.514 1.435 2.231
0.696 1.733 -1.848 0 0 0 0.6 1.514 1.435 2.231
0.696 1.733 -1.771 0 0 0 0.6 1.514 1.435 2.231
0.696 1.833 -2.000 0 0 0 0.6 1.514 1.435 2.231
0.696 1.833 -1.924 0 0 0 0.6 1.514 1.435 2.231
0.696 1.833 -1.848 0 0 0 0.6 1.514 1.435 2.231
0.696 1.833 -1.771 0 0 0 0.6 1.514 1.435 2.231
0.696 1.932 -2.000 0 0 0 0.6 1.514 1.435 2.231
0.696 1.932 -1.924 0 0 0 0.6 1.514 1.435 2.231

(b) Concrete placement grids

compon placement_ placement_ placement_ placement_ placement_ placement_ beginning_ .. area_of_grid
N ; . § i : ; . 6 . top_height

ent_id grid x grid_y grid x_min grid x max grid y min grid_ y max height _in_form
0 0 0 0.6 1514 1.435 2.231 -2.000 -1.695 0.728
0 0 1 0.6 1.514 2.231 3.026 -2.000 -1.695 0.727
0 0 2 0.6 1.514 3.026 3.822 -2.000 -1.695 0.728
0 1 0 1.514 2.429 1.435 2.231 -2.000 -1.695 0.728
0 1 1 1.514 2.429 2.231 3.026 -2.000 -1.695 0.727
0 1 2 1.514 2.429 3.026 3.822 -2.000 -1.695 0.728

Fig. 3.12. Examples of (a) internal points and (b) placement grids
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2.5 1.5

Fig. 3.13. Example image from Module #1

3.9. Module #2: Process and merge sensor data

The system collects positioning data from 7 sensor devices mounted on 3 targets:
two US sensors for tracking a vibrator operator, two US sensors for tracking a concrete
pump hose, and three EM sensors for tracking a vibrator shaft. The collected data from
the same target are merged. Fig. 3.14 shows the procedures for processing and merging
collected data from the sensors. There are 4 groups of processes: (1) data collection &
retrieval, (2) US data processing from a pump hose, (3) US data processing from a
vibrator operator, and (4) integration of US and EM coordinates. The first process
group checks if the sensor data are available. If data transmission is failed (e.g., sensors
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are powered off) in the current loop, it retries to retrieve the sensor data in the next loop.
Then, the newly retrieved data is concatenated with any unused data from the previous
loops. Since the sensors have different update rates and transmission speeds, some data

may not be used in the current loop. In this case, they are passed onto the next one.

Data Collection & Retrieval |
¥

Collect & retrieve data . Collect & retrieve data
from US sensors from EM sensors

EM data available?

Yes

7N
7y

No

US data available?

v

Concatenate with previous
loop’s unused data

‘ US & EM Data Processing (Vibrator)
v

Linear interpolation of
operator and shaft data

US Data Processing (Pump hose)

v
Linear interpolation of
pump hose data Merge vibrator data
¥

A

Send unusable vibrator data

Merge pump hose data to the next loop

Integration of US & EM coordinates

3

Send unusable pump hose data
to the next loop Offset tilt angle of EM source

v

Convert EM sensor locations to
US coordinate system

Fig. 3.14. Procedures for integrating sensor data
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In the next step, the US data from the pump hose, the US data from the vibrator
operator, and the EM data from the vibrator shaft are processed and merged. When
merging the sensor data, the timestamps are synchronized by interpolation, which is a
calculation method to estimate data points between known values. Interpolation
enables to match the timestamps of positioning information. Table 3.8 and 3.9 show an
example of linear interpolation. The x, values in data B are recalculated based on the
two closest timestamps in data A. The interpolated x, value at timestamp x,(1) is

calculated based on the x, values at 0 and 2. The interpolated x,(1) isx,(0) +

(x2(2) — x,(0)) x (1 —0)/(2—0) =9.5.

Table 3.8. Example of positioning data before interpolation

Timestamp x; from data A Timestamp X, from data B
(sec) (sec)
1 4.0 0 10.0
3 5.0 2 9.0
5 6.0 4 8.0
5 70 6 7.0
Table 3.9. Example of positioning data after interpolation
Timestamp x, from data A x, from data B
(sec)
1 4.0 9.5
3 5.0 8.5
5 6.0 7.5
7 7.0 6.5
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The last step is to integrate the vibrator operator data from the US sensors and
the vibrator shaft data from the EM sensors. They have different coordinate systems,
so a conversion is needed to express the locations of the vibrator head in the US
coordinate system. The US data collected are referenced to a fixed point of the site
which is determined during the setup of the sensors. On the other hand, the coordinates
of the EM sensors are based on the EM source that is carried by the vibrator operator.
This means that the points in the EM sensor coordinate system are not referenced to a
fixed point, but they depend on the tilt angle and orientation of the source. If the
operator changes his/her posture such as bending down, the sensor’s location will
change even if it stays at the same location. Thus, the tilt angle of the EM source was
measured by an inertial measurement unit built in the US sensors to convert the
coordinates of the EM sensors to the US coordinate system. Offsetting rotated angles
from the equation above results in aligned z-axes of the EM and US coordinate systems.

The EM source’s tilt angle toward the left side is 6,, the degree can be offset
by rotating the axes back to the right (clockwise) direction for 6, degrees. The change
of coordinates by rotating the axes clockwise or rotating the point counterclockwise for
6 degrees follows Eq. 3.5. The tilt angle toward the front side (6,), can be offset in the
same way. A point (a,b,c) of the EM sensor will become (acos6;—
csin®;,b,asinB; + c cos 0;) after removing its rotation to the side. Then, this point
after rotating the axes back for 6, will become (a cos0; — csin6;, asin6; sin6, +

b cos B, + ccos B, sinB,, asinB; cosB, — bsinB, + c cos B; cos H,).

x"\ _(cos® sin@\ X\ _ (xcos® —ysin@
<}") B (— sinf cos 0) ()’) B (x sinf + y cos 0) (Eq. 3.5)
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After offsetting the tile angles, the EM source’s orientation data is used to locate
the EM sensor in the US coordinate system. Fig. 3.15 shows locating the EM sensor in
the US coordinate system when the EM source is located at (I, m, n). The EM axes are
deviated clockwise for 85 degrees from the US coordinate axes. Following Eg. 3.5, a
point (p,q,r) in the EM coordinate system will be (I + pcos6; + gsinB;,m —

p sin 63 + q cos 65, n + r) in the US coordinate system.

A
Y O
us e,
& 0’%6
o, o
2 A btc'e -
/ @,
h . )
(lr m,’h.)
m 77777777777777777777777777777777777_;:“\/;7771) 777777777777777777777777777
Location of &
EM source | a
‘ 4
%2
! xus

Fig. 3.15. Locating EM sensor in US coordinate system
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3.10. Module #3: Update status of placement and vibration

3.10.1. Update placement status

Based on the pumping rate, time, location, and direction of a pump hose, the
height of concrete in each grid is estimated. This simplified approach is significantly
faster and less computationally expensive than scanning the shape of deposited
concrete. Two sensors are attached to the pump hose. One is attached to the upper part
of the hose so that it the location data is collected reliably even when the hose tip is
lowered. The other sensor is attached to the bottom part of the pump hose. The
procedures for updating the height of concrete using the location of the US sensors are

presented in Fig 3.16.
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Start

v

Retrieve pump hose data

Bottom sensor higher than
threshold?

Calculate line parameters Calculate line parameters
connecting top & bottom sensors dropping vertically from top sensor

Y

Extract the closest intersection
of the line and forms

Line intersecting with
a side form?

Line intersecting
from the inside?

Update placement duration

and height of grids <

Finish

Fig. 3.16. Procedures for updating concrete height

First, the positioning data are retrieved from the two US sensors mounted on
the pump hose. If the pump hose’s current height is above the minimum threshold that
secures the line-of-sight between the mobile and stationary sensors, both sensors are
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used to calculate the location of placement. Otherwise, the top sensor is used to locate
the pump hose assuming that the hose is straight down because the bottom sensor’s
location may not be accurate. The horizontal distance between the two sensors when
the pump hose is down to pour deep concrete members (e.g., columns and girders) is
generally not significant because of the reinforcement of concrete members.
Additionally, the bottom part of the pump hose is often lowered below the floor level,
and thus, it is not reachable by the workers.

The next step is to calculate the location of placement. A vector that connects
the US sensors is used to find an intersection with a plane which indicates a form face.
If the US sensors are located at P1(xy,y4,2;) and P2(x,,y,,2,), the line L that
connects these points can be expressed in Eq. 3.6. The intersection of the line and a
plane ax + by + cz+d = 0 must meet Eq. 3.7, so it can be acquired by calculating
t in Eq. 3.8. The line and the plane do not intersect when the denominator of t equals
to 0.

L= P1+t(PZ-PI) €. 36)
q. 3.

=(x; +tlx —x1), y1 +t(y2 —y1), 21 + (2, — 71))

a(x, +t(x; —x1)) + b(yy + t(y, — 1)) + (2, + t(z, —z)) +d = 0 (Eq. 3.7)

_ ax; + by, + cz; +d
a(x; —x3) + b(y1 —y2) + c(z1 — z3)
The plane equation used in Eq. 3.7 represents an infinite plane, so it should be

t (Eg. 3.8)

validated if the point is located on the form. If the acquired intersection exists outside

the form face, the module skips the current intersection and checks with the next closest
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one. As shown in Fig 3.17, four blue vectors are calculated from the vertices of the

form, and they represent the form edges. Point E exists on the plane ABCD when (1)

AE is on or between AB and AC, and (2) DE is on or between DB and DC (Eq. 3.9).

Plane equation: ax+by+cz+d = 0

A q ac C

A plane object
B (e.g. forms) DC

—

DR

Fig. 3.17. Validation of intersection point

(AB x AE) - (AE x AC) 2 0
(AC x AE)- (AC x AB) = 0
(DB x DE) - (DE x DC) = 0
(DC x DE) - (DE x DB) = 0

(Eg. 3.9)

Finally, the module finds the deposit location by adjusting the intersection point.
This step is needed as the deposit location varies depending on whether the concrete
hits on a horizontal form or a vertical form. If it is on the horizontal form, the deposited
point is recalculated based on the current height of the concrete using the triangle ratio
(Fig 3.18). If it is on the vertical form, the concrete is considered to drop vertically from
the intersection. Using the deposit location and the pumping rate, the grid’s height is
updated. The height increase of the concrete is calculated by multiplying the pumping
rate by the duration and dividing it by the grid area. The internal points that become

below the updated height are marked as ‘concrete placed’.
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Intersection point with a form
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Concrete height

Recalculated point of concrete placement
Fig. 3.18. Recalculated point of concrete placement

3.10.2. Update vibration status

Fig. 3.19 shows the procedures for updating the vibration status of concrete
internal points. First, the processed and merged vibrator data from Module #2 are
retrieved. Based on the locations of the three EM sensors mounted on the vibrator shaft,
the head’s location is estimated. This estimation follows two assumptions: (1) the
vibrator shaft is aligned with a straight line from the top view, and (2) the shape follows
a quadratic curve from the side view. These assumptions came the fact that a vibrator
shaft is generally covered by a stiff material to endure vibrating activities. The shaft
does not bend in acute angles; its shape is smooth while being affected by the gravity.
After retrieving the data, X and Y values of the three points of the vibrator shaft are

fitted by linear regression. The parameters of the fitted line y = ax + b are calculated
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by Eqg. 3.10 (PlanetCalc, n.d.). Then, as moving to the side view, the shape of the
vibrator shaft is fitted by quadratic regression. The parameters of the equation y =
ax? + bx + ¢ can be calculated from the system of equations in Eq. 11 (PlanetCalc,

n.d.).

Start

Retrieve vibrator data

v

Calculate line parameters
by linear regression (top view)

Calculate curve parameters
by quadratic regression (side view)

Estimate coordinates
of vibrator head

Vibrator's head
submerged?

Update vibration status
of internal point

Finish

Fig. 3.19. Procedures for updating vibration status of internal points
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. nQxy) — X x) X yi)
nXx;?) — (X x;)?

(Eq. 3.10)
b= CydEx)* = Ex)Exiy)
nXx;?) — (X x;)*?
aYx?+bYx;+nc=Yy;
aYx3+bYx?+cyx, =X xy; (Eq. 3.11)

aYx* +bYx? +cYx® =Y xty;

The distance between the vibrator head and the sensor is measured when it was
installed on the shaft. Using this length L, the head’s coordinates can be acquired by
finding out a point where the calculated length along the curve equals to L (Fig. 3.20).
The length between two points atx = pandx = qgon a curve y = ax? + bx + c is

calculated in Eq. 3.12 (SymPy Development Team, n.d.).
y &

y= ax’+bx+c

sensor?2

ensorl

Fig. 3.20. Fitting a curve from side view
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b \/4a2(q+%)2+1 asinh<2a(q+%)>
b= (‘Hza) 2 " 4a

(Eg. 3.12)

b \/4a2(p+2b_a)2+1 asinh(Za(p+2b—a)
) 2 4a

(o

Having the location of the vibrator head and the height of concrete, Module #3
updates the status of vibration for the internal points of concrete. When the height of
the vibrator’s head becomes below the height of concrete, the module begins to count
the duration of insertion. The points that meet a certain duration of vibration are marked

as ‘vibrated’.

3.11. Module #4: Real-time warning

When poor workmanship is observed, Module #4 informs the user to encourage
prompt action to correct problems. The user can either be a manager or a superintendent
who can order corrections to the workers. The warning module compares the acquired
data with the predetermined threshold values, and it sends a warning message when a
violation is detected. In order to monitor the KOFs, the conditions for violation of each
factor were determined and programmed (Table 3.10). For example, the condition for
violation of KOF #12, ‘vibrators should not be allowed to touch the forms’, is ‘the head

of the vibrator bar stays within | meters from a form face for t consecutive seconds.

Table 3.10. Conditions for violation of KOFs
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Key operational factor (KOF)

Conditions for violation

The height difference of concrete between two adjacent

1 Uniform placement layer placement grids is greater than I m
. A pump hose does not come back to the grid within t sec after
2  Continuous placement -
it leaves
3 Avoiding excessive free fall | The height of the discharging point of a pump hose from the
height surface of fresh concrete exceeds | m for consecutive t sec
4 Vertical drop of concrete The angle of the sensor ms_talled at a pump hose exceeds n
degrees from the vertical axis for consecutive t sec
The angle of the sensor installed at a pump hose exceeds n
5 Avoiding direct placement on | degrees from the vertical axis, and the line that connects two
vertical forms sensors intersects with a vertical form within I m from the
main sensor for consecutive t sec
6 Avoiding direct placement on | The line that connects two sensors intersects with a congested
reinforcing bars area within I m from the main sensor for consecutive t sec
The vibrator head is
. L . submerged into concrete for
7 Appropriate vibration duration less than t,sec or more than
t, Sec
The insertion’s depth (Z value
L . of the vibrator head) is at least
8  Appropriate insertion depth I'm higher than the average
depth of the recent insertions.
The vibrator failstostay in | | The  horizontal  distance
m from a cube point for t; | between two consecutive
g Appropriate distance between consecutive sec within ¢, | insertions is at least | m lower
insertions sec after concrete is poured. | or higher than the average
horizontal distance of recent
insertions.
10 Inserting vibrators close to
forms
N/A
Continuity between placement
11 oo
and vibration
12 Avoid touching forms with a | The vibrator head stays within I m from a form face for
vibrator consecutive t sec
Approoriate penetration  and For the insertions with t sec or longer, the insertion speed is
13 bprop P lower than v; m/s, or the withdrawal speed is higher than v,

withdrawal speeds of vibrators

m/s
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The angle of the vibrator head while it is submerged into
concrete exceeds n degrees from the vertical axis for
consecutive t sec

Appropriate  penetration and

14 withdrawal angles of vibrators

For the insertions with t seconds or longer, the cumulative
15 Avoiding dragging a vibrator distance of a vibrator’s horizontal movement while inserted
exceeds I m

When a violation is detected, its details are delivered to the
manager/superintendent. The sensor data of the malpractices are summarized and
presented in a readable format such as a table and a figure. Fig. 3.21 shows an example
of KOF #1 and #5. The images show the time and location of violation, the location of
stationary sensors, the name of the concrete member, and the height of concrete. They

help the user to understand when and where the violation happened at the site.
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Fig. 3.21. Warning images for violation of KOF
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Chapter 4: Testbed and site applications

Testbed and site applications of the novel solution were conducted to evaluate
if its technical performance is reliable in monitoring concrete work. Considering that
the condition of a site is expected to be more challenging—that is, with more objects
that may interfere with the algorithm—than the ones in a lab, the solution was first
applied in a testbed. The performance evaluation was conducted in multiple ways
depending on the phase of data processing: individual US and EM sensor data,
integrated sensor data, and warning instance data. In the initial evaluation, the average
and distributions of the US and EM sensor data were reviewed to discover outliers and
to assess data reliability per object. After that, the observed locations of vibrator
insertions were compared with a video recorded during the work. Lastly, the observed
warning instances of malpractices were validated by confirming that they were not false
positives. The technical issues that interrupted the acquisition of data or reduced the
accuracy of the data were investigated and discussed to find the possible causes and
remedies for improvements. In order to check if there was a quality problem not
prevented by the warning module, the outcome’s concrete quality was visually

inspected after the concrete hardened.

4.1. Preparation of testbed and site applications

Both the testbed and the site were located on the campus of the University of
Maryland, College Park. The sizes of the testbed and the site application area were 2.4
m by 1.9 m and 7.3 m by 3.8 m, respectively (Fig. 4.1). The main procedures for
preparing testbed and site experiments were the same except for the fact that the
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concrete work was simulated in the testbed. Prior to the concrete work, two researchers
visited the site, installed 4 stationary US sensors to columns and walls where the sight
is secured, acquired the CAD drawings of the application area, and calculated the
conversion matrix. The CAD points converted to the US coordinates were used to
generate placement grids internal points. The preparation took approximately 2 hours.
During the concrete work, one researcher stayed near the work area to receive the
sensor data remotely, while another researcher recorded a video of the work to confirm

the quality of the sensor data and the warning instances.

Fig. 4.1. Testbed (left) and construction site (right)

The constructor of the project was Clark Construction Group, LLC, and the
field experiment was performed for the basement slab of a building of A. James Clark
School of Engineering in June 2020. In the site application, a concrete bucket was used
instead of a pump hose to place concrete which had a slump of 15.2 cm with the
characteristic strength of 24.13 MPa. Table 4.1 shows the summary of testbed and site
experiments. In the testbed application, placing and vibrating work was simulated for
209 seconds and 197 seconds during which 6 placement grids of 0.73 m? and 218

internal points were monitored. In the site application, 8 placement grids and 191
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internal concrete points were monitored. The areas of placement grids ranged from
1.291 m? to 3.386 m? after subtracting the area of columns in the girds. Placing and
vibrating work was performed for thirty minutes because the experiment took place in
a section of the floor. The timestamps of opening and closing the bucket gate were

recorded to estimate the concrete pouring rate and location.

Table 4.1. Testbed and site experiment settings

Testbed Construction site
Experiment area 24mby1.9m 7.3mby 3.8 m
Count of placement
! 6 8
grids
Size of placement 0.73 m2 1.291 m? - 3.386 m?
grids
Count of internal 218 101
points
. . Placement: 209 sec .
Experiment duration Vibration: 197 sec 30 min

4.2. Review US and EM sensor data

Fig. 4.2 shows the histograms of the testbed US data from the vibrator operator.
The average measured distance of the US sensors was 0.31 m, and it was close to the
actual distance of 0.33 m. 92.4% (757/819) of the data were in the range of
|0.33 + 0.3]|. The average movement speed of the US sensors was 0.25 m/s, and 93.0

% (761/818) of the data showed the speed of less than 0.6 m/s. More than half of the
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records of each sensor showed low speeds, but the average speed of the sensors showed
less frequency in the low-speed range, meaning that at least one of the two sensors was
moving, while the other stayed still. When the operator was standing upright, the height
of the US sensor was located at the height of 1.4 m from the ground. The observed
average height of the US sensors was 1.34 m, and 75.3 % (617/819) of the data were
between 1.3 m and 1.4 m. This indicates that the vibrator operator kept the body bent
down during the experiment. The average height of the right sensor was greater than
the left sensor because the vibrator head was operated above the ground. In particular,
the frequency of the right sensor was 6 times higher than that of the left sensor in the
range of 1.4 mand 1.5 m. This indicates that the operator lowered the left body to insert
the vibrator head. The height difference between the sensors was 0.08 m, and 91.8 %

(752/819) of the data showed less than 0.3 m difference.
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Fig. 4.2. Histograms of testbed US data

The results of the analysis on the construction site US data are shown in Fig.
4.3. The measured average distance between the US sensors was 0.51 m, and 89.7%
(5,284/5,891) of the US data were in the range of |0.66 + 0.5| m. The distance between
the sensors was dispersed in the site, showing higher standard deviation (0.3 m) than
the testbed (0.13 m). This indicated that the overall accuracy was reduced in the site
conditions. The average movement speed of the US sensors was 0.19 m/s, and 96.9 %

of the data (5,705/5,890) showed the speed of less than 0.6 m/s. The left sensor paused
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more frequently than the right sensor because the operator often moved the right body
between insertions while anchoring the left foot.

The average height of the sensors was 1.72 m. This was lower than the standing
height which is the sum of the top reinforcement height (0.4 m) and the height of the
US sensors from the foot level (1.45 m). 91.7 % of the records (5,404/5,891) were in
the range of |1.72 + 0.3| m. Unlike the testbed data that had the highest frequency in
the second highest bin, the site data showed the highest frequency in the bin of the
standing height. This represents that the operator spent longer time in waiting for the
concrete placement compared to the testbed experiment. The average height difference
of the sensors was 0.15 m, and 89.4% (5,266/5,891) had the height difference of less
than 0.3 m. Both the mean (0.15 m) and the standard deviation (0.27 m) of the height
difference were higher than those of the testbed data which were 0.08 m and 0.12 m,
respectively. This was because the vibrator head at the site application was submerged

up to 0.4 m below the floor height, causing a large range of body motions.
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Fig. 4.3. Histograms of site US data

The histograms in Fig. 4.4 show the distances between the electromagnetic
sensors at the testbed and the construction site. The EM sensors were attached to the
vibrator shaft which bends during the operation. Thus, the measured average distance
was smaller than the originally attached distance. At the testbed, the measured distance
between Sensor 1 & 2 and Sensor 2 & 3 were 0.33 m and 0.37 m, respectively. The
actual distance between the sensors was 0.38 m. This indicates that the shaft where
Sensor 1 & 2 were attached was bent more than Sensor 2 & 3. At the construction site,
the sensors were installed with the distance of 0.3 m. The measured average distance
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and standard deviation between Sensor 1 and Sensor 2 were 0.27 m and 0.01 m. The
mean and the standard deviation between Sensor 2 and Sensor 3 were 0.28 m and 0.05
m, respectively. The distance between Sensor 2 and Sensor 3, which were close to
concrete and reinforcement when the vibrator head was inserted, showed higher
standard deviation than Sensor 1 and Sensor 2. However, the overall accuracy of the
EM sensors was higher than the US sensors, and the errors were minor as the standard

deviation was small.
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Fig. 4.4. Histograms of testbed and site EM data

4.3. Review vibrator insertions

Table 4.2 and Fig. 4.5 show the observed and actual insertions from the sensors
and the video. In the lab experiment, all 17 insertion activities were located accurately.
In the site experiment, 95 percent of the insertions (72 out of 76) were accurately
located in the construction environment. 4 out of 76 showed a reduced accuracy of the
location. The 4 red points in Fig 4.5 (right) are supposed to be observed at the blue
points which are located close to the tower crane. A comparison with the video record

revealed that the wood panels installed to enclose the tower crane blocked the line-of-
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sight between the stationary sensor and the vibrator operator, reducing the accuracy of
the US sensors (Fig. 4.6). The error of the red points ranged from 0.85 to 1.72m. This
shows that securing the line-of-sight of the US sensors is very important to collect
reliable insertion data, which can be achieved by separating the path of the vibrator
operator from that of bulky equipment and materials, installing stationary sensors at a
high position where it can minimize occlusions, and zoning tracking areas to reduce

blind spots.

Table 4.2. Evaluation result of vibration insertions

Count and duration of insertions Testbed Site
Count 17 76
~Total  puration — mean (sec) 5.0 1.3
INSertion  pration — Standard deviation
2.2 1.2
(sec)
Count 17 76
Location — accurate 17 72
_Obseryed Location — inaccurate 0 4
NSErtion “pration — mean (sec) 5.2 1.2
Duration — Standard deviation 19 11
(sec)
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Fig. 4.6. Inaccurate observed insertion caused by occlusion

4.4. Review warning instances

Warning instances were generated only during the site application because it is

hard to evaluate the warning data in a simulation setup that did not use actual concrete.
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Table 4.3 summarizes the descriptions of the warning data generated during the site
application. The warning module detected the followings: a large concrete pour causing
a height difference between nearby placement grids, two undervibrated concrete
internal points, one withdrawal action of the vibrator that was quick, two occurrences
of large tilt angles of the vibrator head, and one instance of moving the vibrator head
horizontally while being inserted into concrete. The warnings were investigated and
confirmed by a recorded video. The warning of KOF #15, which is moving horizontally
while being submerged into concrete, turned out to be a false alarm. It occurred when
the operator turned off the power of the vibrator machine and let the head become
submerged while waiting for the next pour from the bucket. Due to the long insertion
duration, the solution cumulated the errors of the vibrator’s location at each data point,
and it created a false warning. The remaining violations were confirmed true by the
video. The authors confirmed with the manager that these violations had negligible
impact on the quality, considering the slump value, the amount of reinforcement, and

the violation’s location, frequency, and severity.

Table 4.3. Review of warning instances and their impact on concrete quality

KOF Results of
# Warning statistics Description investigating the Impact on the quality
data and video
- Number of warning Con3|dter’|nglthe I
instance: 1 There was one A large pour is Efg Czrcerﬁ)s t;én\?vg t?a/? ue
- Number of placement grid suspected to be ceﬁent ralltio (0.4), and
placement grids: 2 | where the amount of | triggered by the : h
1 - . the simple shape of the
- Height difference placed concrete was | placement method S
. slab, the violation is
(m): 0.33 larger than the using a concrete expected to have a
- 2Dzugatlon (sec): nearby grids. bucket. minor impact on
) concrete quality.
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Number of warning

Two nearby

These points were in

instance: 1 The warning module | concrete points the middle of the slab
Number of found that two did not have a where the concrete

7,8, undervibrated concrete points vibrator from various

9,10 internal points: 2 among two hundred | submerged within | directions can flow
Location: center were suspected to be | 1.3 min 10 and fill, so the warning
grids undervibrated. minutes after was not critical to the

placement. quality of concrete.
The observed Since the quick
. . withdrawing withdrawal of the
Number of warning | One quick . .
. ) . speed was vibrator did not occur
instance: 1 withdrawal of the _ .

13 . ) . 0.66m/s which is | frequently, this
Withdrawal speed: | vibrator was inimally f N q
0.66m/s detected minimally faster warning 1 _expecte to

' ' than the threshold | be non-critical to the
of 0.5m/s. quality.
Number of warnin This warning is
. . 9| There were two The head angle expected to be non-
instance: 2 L i .
Average degrees violations th_at was between 35- critical to the_quallty
14 tilted: 39 dearees observed a tilt head | 40 degrees from because the tilt of the
' g while it was inserted | the vertical line vibrator did not occur
into the concrete. for 2 seconds. for a long time nor
frequently.
From
investigating the
video, the
Number of warning There was one researchers
instance: 1 warning of determined this This was a false
Duration (sec): 9.6 9 . was a false alarm | positive that does not

15 - excessive horizontal )

Cumulative that occurred due | reduce the quality of
. movement of the
horizontal to the cumulated concrete.

movement (m): 1.0

vibrator.

positioning error
during the
prolonged
insertion.
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Chapter 5: Conclusion and discussion

This study presented a novel solution to track and monitor concrete placement
and vibration effort by utilizing two types of positioning sensors (ultrasound and
electromagnetic). First, the key operational factors (KOF)s and their parameters were
determined. KOFs determine good/bad workmanship of concrete work. Then, US and
EM sensor technologies were selected after reviewing the real-time positioning
technologies. The accuracy and update rates of US and EM sensor technologies were
initially evaluated. Using the selected technologies, the solution and its 4 modules were
designed and developed. The solution was applied and tested at a testbed and a
construction site, and its performance was evaluated by reviewing the individual sensor
data, the insertion activities, and the warning instances.

Both US and EM sensors were generally accurate although the sensor data
collected from the site showed higher standard variance indicating that higher noise
was introduced than the testbed data. Regarding the insertion activities, all and 95% of
the insertions were successfully detected at the testbed and the site, respectively. The 4
inaccurate insertions were due to the blocked line-of-sight between the US mobile and
stationary sensors. 6 out of 7 warning instances were confirmed by the video, and their
impact on the quality was ignorable. One false alarm was caused by the cumulated
positioning error during the prolonged insertion. The worker turned off the vibrator
machine and left the head in the concrete.

The results of the lab and site experiments confirmed that these sensors can
successfully be used at a construction site by overcoming the limitations of existing
tracking systems that have hindered their applications. These limitations include that
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the previous technologies can only be used outdoors where satellite signals are
available, they were not designed to be used with actual concrete, and/or they required
significant changes of the vibration operation method. By overcoming the limitations
of the previously developed tracking methods, it can be used indoors as well as
outdoors without changing the current operation method of an internal vibrator. The
feature of delivering real-time positioning information of the tracking method will help
project managers and concrete superintendents to understand on-going concrete
vibration activities in real time.

The introduced solution is expected to serve as a basis of a real-time, on the
spot computer-supported concrete placement monitoring by collecting and providing
positioning data of a pump hose and a vibrator. The method will advance the
technological capabilities of the current work quality monitoring systems to achieve
intelligent and real-time monitoring of concrete work. Moreover, this study provides
an applicable and practical solution for recording and saving the placement and
vibration work data, which will enable a deeper analysis on the current vibration
practices in the field. Although proper placement and vibration of concrete is critical
to achieve the desired quality of concrete, the effects of practices in various site
conditions have not been thoroughly investigated due to the difficulty of collecting the
on-site vibration work data. The relationship between the vibration work and the quality
of concrete has been studied mostly in a lab condition with the concrete test cylinders.
With the developed tracking method, the vibration work data such as the vibrator’s

location, angle, speed, and direction can be collected from multiple construction sites,
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and analyzing such data will help expand the knowledge of the vibration work and its

combinational effects on concrete.

5.1. Anticipated benefits of the solution

Benefits to contractors

First, the system lessens the burden for a project manager by serving as eyes on
concrete operation inspections. Monitoring concrete work is time-consuming and
labor-intensive. The operations often take many hours and are performed by a crew of
laborers who are assigned to certain tasks such as operating a vibrator, holding and
guiding a pump hose, and troweling. Construction projects are dynamic and often with
multiple concurrent tasks, so it is difficult for a manager to make a full commitment to
observing the concrete operations. The developed system supervises concrete
placement practices through automated data collection, thereby reducing the workload
of managers.

Second, the system may save time and cost for inspection tasks. In general,
inspectors visit a site to perform inspection, document the information about defects,
diagnose the causes, and create a report to embrace appropriate actions. When
inspecting surface defects, they may follow the checklist suggested by ACI 309.2R-98
Identification and Control of Visible Effects of Consolidation on Formed Concrete
Surface. The information of the defects such as photographs and detailed descriptions
should be provided in the report. Such time and cost for inspecting and diagnosing

defects may increase as their number and severity rise. When they are suspected to be
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critical, non-destructive tests of concrete such as thermal and ultrasonic imaging can
be implemented.

Third, concrete repair/rework may be reduced. The system can induce early
actions such as re-vibration of concrete to minimize and prevent concrete work defects.
With this monitoring system, project managers can perform continuous monitoring on
the workmanship without making a full commitment to observing the entire practice.
Such effort will potentially reduce the amount of repair and rework which are
cumbersome and time-consuming.

Fourth, the knowledge of workmanship can be accumulated and transferred for
improvements. Traditionally, concrete work data has not been collected due to the
absence of tracking/monitoring tools. In-depth analysis of the concrete workmanship
can help understand how a certain malpractice contributes to an occurrence of a defect.
Sharing the results of analyses will reinforce the learning and feedback loop among

projects and workers, leading to a solid defect prevention plan.

Benefits to subcontractors

One major advantage to subcontractors is reduced variation of the work quality
they provide. There are recommended practices of concrete workmanship to produce
quality concrete, but subcontractors may encounter situations that make it difficult to
follow them. For example, an inexperienced worker may become responsible for
operating a vibrator due to the labor shortage or turnover. Without proper training and
real-time feedback, the new worker may not insert the head deep enough to consolidate

the bottom concrete. The system helps to make sure that the field workers show proper
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workmanship no matter who they are, and therefore, they can minimize the risk of
having a substandard outcome.

Second, subcontractors can achieve effective learning with the solution’s real-
time feedback. By receiving real-time feedback on workmanship, subcontractors know
the improper workmanship immediately. Traditionally, training concrete workers is
heavily dependent on the experience-based learning at the field. After concrete has
hardened, they figure out what needs be improved in the future work. The problem of
this method is a long delay between the work and outcome. The workers may not
remember which action contributed to creating each defect because it will have already

passed several days to able to see the surface of hardened concrete.

Benefits to owners

The benefits to owners are improved quality and reduced repair and
maintenance costs. Concrete members built with poor workmanship have more defects
with reduced structural integrity. Although all concrete structures require maintenance
and repairs as they degrade over time, the speed of degradation can be expedited by
defects as they grow and propagate. Maintenance of these concrete members will need
to be scheduled with short intervals, and the repair costs are expected to be high. The
developed solution helps owners to assure the proper workmanship, and it will prevent

concrete defects and achieve good quality concrete.
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5.2. Limitations of the solution

The first limitation is the equipment costs and time for set-up. Although the
monitoring tasks are automated, preparations for implementing the solution such as
procuring and installing sensors are required. The sensor devices should be procured to
the site and mounted firmly on the concrete equipment. The coordinate conversion
matrix needs to be calculated, and the placement grids and internal points of concrete
members should be generated before the concrete work.

Second, the tracking performance of the solution is affected by the location of
the US stationary sensors and the estimation equations for the placement and vibration.
The stationary sensors should be installed at locations that secure the line-of-sight with
mobile sensors. However, there might not be a fixture or structure at the optimal
candidate locations for installing sensors. If the stationary sensors are positioned where
they do not secure the line-of-sight, the tracking accuracy can be reduced. In addition,
the equations used in Module #3 may not be accurate in different site conditions. The
testbed and site applications were at the slab concrete placement which could be
different from column or mass concrete placement. Thus, the managers should
carefully plan the implementation and make sure that the sensors are properly located
and the estimation equations are appropriate.

The last limitation is the lack of knowledge in determining the KOFs’ threshold
values. In early applications, project managers may not know the best performing
thresholds and may simply follow the values suggested in Table 3.2. For example, they
may just follow the commonly recommended vibration duration of 5 to 15 seconds

even when they are placing stiff and mass concrete with a low-amplitude vibrator that
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require more time of vibration. However, since projects have different site conditions,
specifications of equipment, and mix proportions of concrete, the same thresholds may

not be able to detect poor workmanship or generate too many false alarms.

5.3. Discussion

This section addresses considerations that are needed for the developed
monitoring solution to have maximized contributions to the industry. First, managers
should discuss concerns about adopting the monitoring solution with the stakeholders.
For example, the subcontractor may dislike the solution since it will record their
behaviors. The author suggests using it as a tool for promoting the internal quality
assurance and collaborative monitoring of the concrete work, not to blame the
stakeholders. If it is solely used to clarify the stakeholders’ responsibilities for concrete
defects in a lawsuit, the system would merely increase conflicts among them and risk
their relationships.

Second, the adoption of this solution should not result in lacking efforts in
inspecting and repairing concrete. Although it is very important to monitor and control
workmanship of concrete, there are still many other factors that may cause defects such
as humidity and temperature of the site and early loading on concrete members. These
factors collectively contribute to the formation of defects, and thus, managers should
overlook any of them in order to achieve the improved concrete quality (Gromicko and
Shepard, n.d.).

Third, creating a communication channel between the solution and concrete
workers may help to take prompt action on the warnings. The solution delivers warning

messages to project managers and concrete superintendents. They can plan a project-
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wide action which involves multiple workers or teams. For example, if too much
concrete is poured at one location, the managers may instruct the pump hose workers
to reduce the pumping rate, ask the vibrator operators to insert the head deep enough,
and share the warning information with the inspector for thorough quality investigation
on the locations where poor workmanship was detected. However, some warning
information can be handled by the operators without passing through the managers. For
example, a pump hose operator may simply lower the hose if a warning of excessive
height goes off.

Lastly, preparing for a long-term usage of the solution is recommended to
maximize its benefits from the automation of monitoring concrete work. A constant
use of the solution will accumulate the workmanship data that can be used to find the
patterns and the factors of inappropriate practices. The workmanship data will also help
to find the relationships between operator’s behaviors and their consequent defects.
Moreover, as previously mentioned, one limitation of the solution is the lack of
knowledge in determining the KOFs’ threshold values. To gain knowledge and find the
most effective threshold values for a project, the previous values should be constantly

evaluated and calibrated.
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