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During the delivery process, precast concrete structures (PCS) undergo drastic changes in strain response that
could induce damage resulting from the lifting process or shocks during delivery. However, the continuous
logging of vibration and strain measurement during the delivery of a PCS remains limited because of difficulties
related to sensor installation and condition assessment. This paper presents (1) a multimetric portable sensing
system that simultaneously measures strain and acceleration, and (2) a safety assessment strategy that adjusts the

offset of the initial strain measurement and calculates the absolute strain response for assessing the safety of PCS
during the delivery process. The experimental validation was performed during the 80-min delivery process of a
12-m-long PCS. The acceleration, tilts and strain of the structure were measured during its delivery, and the
measured data were processed and analyzed to conduct a safety assessment.

1. Introduction

Precast concrete structures (PCS) are manufactured in controlled
factory environments and are widely used in construction projects to
reduce workforce dependency and construction time [1-3]. Quality
control is efficient for the PCS as concrete mix curing and stability are
carried out under a controlled environment [4]. The handling of such
PCS warrants careful inspection and monitoring to ensure its quality and
safe delivery to the installation site [5]. If a PCS is not handled appro-
priately, it may experience failures. In the past, PCS unit failures have
been encountered during their lifting by using clamps and choked
hitched chains [6]. In one such case, a PCS collapsed because of a crack
in it, as mentioned in a cross-safety report published in the United
Kingdom [7]. Generally, PCS failures during lifting are caused by weak
cable joints, clamp failures, or cracks in the PCS. Furthermore, extensive
research has been conducted on precast girders to identify the causes of
their failure, including tilts and support conditions during lifting and
delivery. Stratford and Burgoyne considered hanging beams supported
by bearings during delivery as the most critical support condition [8,9].
Moreover, they computed beam tilt angle and the corresponding addi-
tional stress generated during lifting [10]. Fuente et al. [11] in their case
study on lifting failures, concluded that despite implementation of
several codes and guidelines, the lateral instability of girders induces
cracks and high levels of deflection during lifting. They recommended
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the use of numerical simulation to evaluate the risks associated with the
lateral instability of PCS. Wif et al. [12] evaluated the lifting strains of a
steel-reinforced deck panel. They found that the maximum strain at the
center of the panel crossed the limiting crack strain, which necessitates
the monitoring of lifting conditions, but they did not address the safety
of structures during lifting. Chris et al. [13] monitored and tested 28-m-
long precast bridge decks to examine diverse lifting scenarios. The
maximum tensile strain of 72 pe was observed at the top of the deck
panels during lifting, while the strain decreased when the decks were
placed on supports. One of the reasons for the high strains encountered
during lifting was the tightening of tie-downs (lifting straps). This
highlights the importance of monitoring strain values during PCS de-
livery. The drawback of the aforementioned research, was the use of a
heavy setup to be carried by truck during transportation, further the
data was processed with initial zero strains instead of absolute strain
which implies impracticality of work. Laszlo et al. [14] suggested that
lifting points should be moved inward toward the center of a PCS from
the extreme ends to avoid crack formation during the moving process.
According to the literature [14], the strains due to lifting can be mini-
mized by adjusting the lifting position. Holden et al. [15] observed the
lifting strains of a 12-m-long bridge deck panel, in addition to con-
ducting a lab-scale experiment, the research contains development of a
3D model by using the finite element (FE) numerical method to obtain
the strains and stresses of the structure for validation. Their results
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indicated that four-point lifting from the underside was preferable for
reducing strains to almost zero in order to avoid crack propagation.
Accordingly, unexpected strain responses can be reduced by analyzing
the structural behavior of a PCS in advance and adjusting the lifting
points. Unfortunately, these studies do not describe how to compute
absolute strain. In addition, monitoring the stresses induced in a struc-
ture not only during lifting but also throughout the delivery process is
critical to obtain information about the extent of damage to a structure.
Arabi et al. observed and monitored the transportation of sign-support
(truss) structures and performed fatigue analysis to predict the dam-
age caused by road-induced excitations [16]. Moreover, to ensure
human and asset safety, adequate planning before commencement of the
delivery process is crucial for avoiding failure [17]. Different guidelines,
for instance, “A Guide to Managing Risk in Construction,” highlight the
rules and methodologies relevant to the transportation of PCS [9,18].
However, these guidelines are limited to the design, manufacture,
transportation, and storage of PCS, and they do not address the pre-
vention of risks arising from uncertainties during construction and de-
livery. Even preventive methods that can reduce strain during lifting
have been suggested in the above-referenced studies, the safety of a PCS
cannot be guaranteed because of unforeseen events that might occur
during the ‘actual PCS transportation process.

Although lifting and monitoring techniques have been explored over
the years, only a few monitoring applications have been developed thus
far [19-22]. Tong et al. [23] presented a case study on the lifting of a
building for seismic retrofitting. Their monitoring system consisted of
wired sensors installed on hydraulic jacks to provide member displace-
ment data to a computer. Furthermore, several researchers have
attempted to automate the construction and monitoring process
[24-26]. Nevertheless, research on the implementation of system
automation during the lifting and delivery stages of PCS is limited.
Goggins et al. [27] monitored a precast slab by using vibrating wire
strain gauges embedded in the slab. Their data acquisition system con-
sisted of data loggers, a vibrating wire interface, and multiplexers. The
main disadvantage of this system was its high-power consumption.
Chunli et al. [28] monitored the lifting of a multi-story beam grillage
steel corridor, including the resulting stress and deflection. Their
monitoring method involved the use of laptops, displacement meters,
magnetic stands, and drawbars. The monitored results were compared
against simulation data. The results obtained using the two systems were
mutually consistent, indicating the applicability of their scheme. How-
ever, the installation of their system was a cumbersome and time-
consuming process. Furthermore, battery life is a critical concern in
the transportation of PCS to distant locations.

Although wired sensing is a common practice, it has a few limitations
in the monitoring of airlift conditions because the data logger attached
to the sensor must be lifted, which can cause power failure. Such a power
failure leads to inadequate power supply in the continuous monitoring
of PCS. Additionally, the process of attaching wires to the data acqui-
sition system during transportation is incommodious. Any negligence
can cause fluctuations in the measurements obtained using wired sen-
sors or easily damage the wired links.

With advances in microcontroller unit (MCU) and sensing technol-
ogies, wired sensors are being replaced with portable sensing systems
[29-32] in which the MCU, analog-to-digital converter (ADC), and
battery are embedded. The AX-3D and Waspmote sensor platforms use
an ADC resolution of 16 bits, whereas a higher resolution is required for
PCS monitoring [33,34]. The NARADA sensing platform, developed at
University of Michigan [35], is composed of a base station personal
computer (PC) and a power supply unit, which is undesirable for
observing PCS delivery. A sophisticated sensor platform Xnode with a
high transmission rate was developed at University of Illinois [36].
Owing to the advantages of Xnode, it has been used as a host platform or
to validate modified and advanced sensors [37,38]. Xnode offers mul-
timetric data acquisition, but it does require a base station PC [37].
However, for the transportation and delivery of PCS, a high-fidelity
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sensor must be employed for behavior monitoring without the need
for a base station PC.

Further, the behavior of PCS during lifting is unpredictable owing to
changes in tilts. This suggests the need for a multichannel tilt-
measurement sensor [10]. In recent years, multimetric sensing strate-
gies for structural health monitoring have attracted attention [39-41].
Sarwar et al. [39] used a multimetric system to realize long-term wire-
less sensor operation by integrating a multimetric event-driven system
(EDS) and Xnode, but its applicability was limited because of its event-
driven nature. Fu et al. [37] developed a sensing platform with a power
consumption of 280 mA and data processing of 176 mA per unit time.
Nevertheless, the requirement of a PC for data acquisition renders the
system ineffective for PCS monitoring. Since PCS monitoring demands
efficient battery power consumption without the need of radio trans-
mission, therefore, a portable sensing board is needed. Inspired by
previous research, Won et al. [42] recently developed a multimetric
sensing board by combining a high-resolution accelerometer and strain
sensor with Xnode as the host platform. The developed sensor system
has strong processing capabilities, low power consumption, and it does
not require a base station PC. Won et al. [42] successfully conducted the
experimental validation by measuring strain and acceleration at 100 Hz.
However, more efficient data processing platform was required.

In addition to the problems associated with sensing, identification of
the actual strain during resting and lifting is critical for maintaining the
quality of PCS. Laszlo et al. [14] and Holden et al. [15] studied PCS field
data under the lifting and resting conditions. However, they failed to
determine the absolute strain, which makes system validation an
impractical task. Therefore, there is a need for a method to determine
absolute strains in order to monitor the lifting and resting conditions.

In this study, the deficiencies in the established practices are
addressed through the development of a precast delivery monitoring
system (PDMS) to monitor the delivery stages of PCS. The system
developed herein is characterized by ease of attachment, efficient bat-
tery power supply, and high-resolution multimetric monitoring; in
addition, an efficient safety assessment strategy is introduced. First,a
multimetric, low-power-consumption sensor system was developed for
real-time data acquisition. The developed PDMS sensor system can
simultaneously measure three-axis acceleration and three-channel
strains, perform downsampling and finite impulse response (FIR)
filtering, and record data in real time. Second, the aforementioned safety
assessment strategy that incorporates FE analysis is implemented to
remove offsets in the strain measured during the entire PCS delivery
process. The FE analysis aims to determine the strain gauge positions at
which the strain is zero during the lifting stage. The strain gauges of the
developed sensor are installed at the zero-strain locations on the PCS.
The general strategy of precast monitoring is validated by conducting an
experiment in which the delivery of a 12-m-long PCS is monitored using
the PDMS. The obtained strain measurements are adjusted in the lifting
stage. The level of strain is analyzed subsequently to determine the
condition of the PCS. FE analysis is performed to reveal the reason for
uneven strain distribution throughout the PCS. To ensure PCS safety, the
support conditions are analyzed to achieve the minimum resting strain,
and the results indicate the importance of contact condition, number of
supports, and boundary conditions.

2. Proposed sensing system

In this section, the development process of the proposed PDMS that
can monitor acceleration and strains is described. The PDMS is a
portable system that can be easily installed on various types of PCS. It
offers real-time processing, including data acquisition. Further, the
PDMS performs safety evaluation to prevent material damage for
ensuring secure PCS delivery, thereby avoiding lifting failures and onsite
injuries. A 12-m-long PCS is selected to investigate the applicability of
the developed system for validation.
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2.1. PDMS (precast delivery monitoring system)

This study proposes a portable wireless sensing system consisting of a
MCU, ADC, accelerometer, three channel strain gauge and a SD card for
real-time continuous data storage as shown in Fig. 1. The developed
PDMS is capable of sensing multimetric measurements, such as accel-
eration and strain, and saving data in real time owing to the rich
computational resources of the Teensy 4.1 MCU used herein. Unlike
traditional MCUs, Teensy 4.1 has a clock speed of 600 MHz, which can
be varied dynamically without causing any noise issues. Additionally,
the hardware consists of 8 MB of pseudo-static random-access memory
(PSRAM) and 1 MB of built-in RAM for ample data storage, which fa-
cilitates real-time measurement and logging. The ADC in the PDMS of-
fers eight differential inputs, of which three channels each were
earmarked for acceleration and strain measurement, and two channels
were open for analog sensing peripherals such as temperature and hu-
midity sensors. Acceleration data was acquired using a high-sensitivity
ADXL354 accelerometer with a low noise density of 22.5ug/v/Hz and
sensing range of +2 g. Furthermore, strain sensing was performed using
the embedded Wheatstone bridge circuit.

The enclosure and the printed circuit board (PCB) of the PDMS are
depicted Fig. 1b and Fig. 1c, respectively.

To achieve constant monitoring of the PCS during its lifting and
transportation, the developed system was required to save six-channel
data in real time. The developed PDMS started performing measure-
ments when the power was turned on using a switch and records ac-
celeration and strain values at a predefined sampling frequency of 1000
Hz. The raw measurements were low-pass-filtered using a FIR filter and
down sampled by 1/10 to achieve a sampling rate of 100 Hz. The MCU
firmware was developed using the Arduino integrated development
environment (IDE), and the code for storing the data in real time was
based on the SdFat library [43].
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2.2. Accuracy of the PDMS

The developed PDMS was tested to assess signal measurement noise.
The noise test was performed over 200 s in a vibration-free environment
(Fig. 2). For strain testing, a 120-Q strain gauge (PL-60-11-3LJC-F) was
connected to the PDMS. The root mean squared error (RMSE) of the
measured acceleration was 0.12 mg in the +2 g sensing range, and it was
close to the specification of ADXL354, which has an RMSE of 0.11 mg
over a 25 Hz bandwidth. The strain measurement was excited by a
voltage of 3.3 V, and the calibration factor was 48,287 pe /V. The RMSE
of the measured strain was 1.526 pe over a measurement range of
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Fig. 2. Measured strain and acceleration noise of PDMS.
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Fig. 1. Developed PDMS: a) Schematic diagram of hardware configuration, b) enclosure, and c) realized PCB.
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+38,000 pe.

2.3. Power consumption analysis of PDMS

To evaluate the performance of the PDMS, a power consumption
analysis was performed. Table 1 presents the current consumption of the
integrated system.

The current consumption of the sensor board is 26.518 mA, while the
MCU consumes 100 mA, and three active strain gauges require 39 mA of
current. The overall current consumption of the PDMS is 165.5 mA. A
total of six 18,650 lithium-ion rechargeable batteries were deployed to
ensure a battery capacity of up to 21,000 mAh. The battery life of the
PDMS in terms of continuous operation hours was computed using Eq.
(1) [44]:

Capacity

Batt_Life = i

x 0.8 (@)

where Batt Life represents the battery life in hours, and I denotes the
current consumption of the PDMS. The multiplication factor of 0.8
compensates for the effects of environmental and material conditions on
battery life. The computed battery life of the PDMS is 4.2 days, which is
sufficient for monitoring PCS in transit.

2.4. Safety assessment strategy

The existing safety reports emphasize the need to develop a delivery
monitoring system that can ensure adequate safety during PCS delivery.
The developed PDMS aids in the safety assessment of PCS by high-
lighting the threshold values of possible crack-inducing factors. The
general working principle of the PDMS for safety assessment is illus-
trated in a flowchart in Fig. 3. The mentioned safety steps are applicable
to all prefab structures that undergo the ground resting (GR), airlifting
(AL), truck resting (TR), and transportation stages. The steps imple-
mented for safety evaluation are described as follows.

Step1: Preprocessing (planning)

Before sensor installation, FE analysis should be carried out to
determine the optimal sensor location and set the cracking limit for the
structure. Strain can be measured at a location where it can provide
reference value for offset adjustment. Since strain measurements only
indicates the change in strain from the time at which the strain gauges
are installed, it is extremely difficult to estimate the absolute strain and
identify the actual stress acting on the structure. This study proposes
offset adjustment of strain measurements by measuring strains at lifting
stage, where the strain becomes zero. To achieve minimum strains, the
strain measurement location should be determined carefully through FE
analysis, and locations at which the strain becomes zero in the lifting
stage should be identified.

Table 1
Current consumption of PDMS.

Device Current Consumption

Sensor board

ADS131 1.818 mA
XLH736002 24 mA
TPS22860 (3) 6 nA
OPA4344 (2) 500 pA
ADXL354 200 pA
ADG734 (2) 40 nA
PDMS MCU

Teensy 4.1 100 mA
Strain gauges

120 Q Concrete Gauges (3) 39 mA

Total 165.5 mA
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Additionally, the theoretical cracking strain limit of a precast struc-
ture can be determined according to ACI 2011 [45] to identify the
occurrence of cracks by using Egs. (2)-(4):

/= 0.625\/fc' @)

E. = 4700\/fc 3)
_f

& = E. “4)

where Ecis the elastic modulus of concrete, and fc' is a concrete
compressive strength based on concrete properties mentioned in
Table 3. Depending on the property of the PCS, its cracking limit can be
determined.

Step2: Sensor Installation & Monitoring

The second step in safety evaluation is careful installation of sensors
on the PCS at the identified zero-strain locations. The three-channel
strain gauges and the accelerometer were attached atop the PCS, and
an accelerometer was installed at the center of the PCS to measure tilts
from acceleration. The obtained raw data had initial offsets. In the safety
assessment of PCS, absolute strain is the critical factor, and it is obtained
using the offset adjustment method mentioned in step 3.

Step3: Strain Adjustment

To obtain absolute strain, the measured strains are adjusted relative
to the strains in the lifting process, which are close to zero. After
obtaining the absolute strain, the next step is to determine the maximum
strain. To access safety, the maximum tensile strain at the top or bottom
of the PCS should not exceed its cracking strain limit. The strains at the
top were obtained from the measured data. However, gauge installation
on the bottom surface of the PCS was not feasible. Therefore, the bottom
strains were calculated indirectly with the aid of the FE model of the
PCS. The details are provided in Section 4.4.

Step4: Safety Assessment

The obtained maximum strains were compared with the threshold
value of 133 pe, and strain limits of 75-100%, 50-74%, and 0-49% of
the cracking strain were set as the high, medium, and low-risk levels in
the safety evaluation process. The maximum tensile strains are high-
lighted in Fig. 10 and summarized in Table 4. The risk levels can be used
as warning indicators in future works. The sensor will provide an alert if
the measured strain exceeds the specified level; otherwise, it will
continue to record measurements.

3. Application to on-site monitoring
3.1. Experimental setup

3.1.1. Description of PCS

An experiment that simulated the resting, lifting, and transportation
of a PCS was conducted to validate the performance of the proposed
PDMS and its safety assessment strategy. Notably, the proposed frame-
work can be applied to other types of PCS such as, 9-m- and 5-m-long
panels or precast girders. The PCS used in the experiment was a pre-
cast panel located at the Bricon R&BD plant in Chungbuk, South Korea.
The PCS has a length of 12.14 m and the thickness of the PCS varies from
240 to 360 mm, which made it asymmetric, as illustrated in its front
view in Fig. 4. A total of 20 shear pockets were present on PCS, but a few
of the shear pockets were filled with concrete. Eight steel anchors were
embedded on the top surface of PCS for attaching cables. The diameter
of each cable was 22 mm. The cracking strain limit for of precast panel
was 133 ps, as determined using Eq. (4).

3.1.2. Sensor placement

The portable sensor, comprising a three-axis accelerometer and three
channel strain gauges was deployed, and it recorded measurements in
real-time at 100 Hz. The three-channel acceleration was measured to



S.U. Khayam et al. Automation in Construction 145 (2023) 104639

General Steps for Safety Evaluation

( * FE modeling of structures h
{ Preprocessing * Determine Optimal strain gauge location
S « Define cracking limit
C J
= Sens,or * Installation of sensors on PCS
\ ; Installation & * Recording Strain and Acceleration During
{ Monitorin g Transportation
~
\ {..‘ Strain * Implement strain offset adjustment
Adjustment * Find maximum absolute tensile strains
t—/ 7
pe— iy
« Risk level index: High, Medium, Low
\oﬂQ A Safety t * Alert: If strain crossed the risk levels.
L G * No alert: Continue monitoring.

Fig. 3. Flowchart of safety evaluation.

which the PCS was placed on wooden supports on the bed of a truck, as
shown in Fig. 5; and the transportation stage, in which truck started
moving toward the installation site. Herein, we discuss these four stages,
namely GR, AL, TR, and transportation.

RC panel 3D view

3.1.4. PCS delivery timeline

The times corresponding to all PCS delivery stages were observed,
and they are listed in Table 2. Initially, the PCS remained in the GR stage
for 8 min. The lifting cables were hinged using the steel anchors
embedded into the deck slab for lifting the PCS by using cranes.
Approximately 14 min were required to load the PCS into the vehicle.
12,140 mm The PCS delivery stage lasted almost 23 min, starting from minute 27
and ending at minute 50. After the transportation stage, the PCS
remained on the truck for 25 min, after which it was lifted and laid back
on the ground.

® Strain sensor
A 3-axis accelerometer

Front view

Fig. 4. PDMS assembly setup on PCS.

record the vibration and tilt of the PCS center, while the strain gauges
were installed based on the results of an FE simulation of the lifting
conditions by following step 1 in the safety assessment strategy. The Table 2

final strain gauge installation locations S1, S2, and S3 were symmetric Timeline of PCS delivery.
with respect to the PCS center, as depicted in Fig. 4, and the detailed Sequence Elapsed time (min) Event/Stage
process is discussed in Section 3.3. 1 0-8 Ground Resting (GR)
2 8-14 Air Lifting (AL)
3.1.3. PCS delivery stages 3 14-27 Truck Resting (TR)
The PCS delivery process comprised four stages in the following - - Break )
sequence: the ground resting (GR) stage, in which the PCS was placed on 4 27-50 Transportation
fi d ts in the yard; the airlifting (AL) stage, in which ° o075 ruck Resting (TR)
ve wooden supports in the yard; 4 g6, I W 6 75-80 Air Lifting (AL)
cables were attached to eight lifting points set on the upper surface of 7 80-85 Ground Resting (GR)

PCS, and the PCS was lifted using cranes; the truck resting (TR) stage, in

Fig. 5. a) PDMS positioned on the PCS in the GR stage, b) AL stage monitoring, and c) TR stage.
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3.2. FE modeling and analysis of PCS

FE modeling and analysis was performed to find the optimal sensor
location for safety assessment and validation purposes. This section
describes the FE modeling of the reinforced PCS in the Abaqus software
environment for simulating actual events [46].

The PCS was designed according to the provided 2D geometry with
an unequal bottom surface slope. Three main models were generated:
the first model corresponded to the airlifting stage (AL). The second
model was of the GR condition with timber supports at the bottom of the
reinforced PCS. The third model covered the TR stage with timber
supports of varying sizes and numbers present at different locations
compared to those in the GR stage. The material properties of concrete,
steel, cables, and supports are presented in Table 3. The precast deck
panel was modeled using as solid, C3D8R, 8-node linear brick elements,
and the embedded reinforcement was modeled using T3D2, 2-node
linear, and 3D truss elements measuring 16 mm in diameter [47]. The
entire model was fine meshed with a 50-mm mesh control size. Contact
control was assigned to the slabs and bars to prevent relative motion
between surfaces. The PCS was allowed to deform in every direction in
the lifting simulation. The T3D2 elements were used for designing the
cables with a diameter of 22 mm. The analysis was performed as a static
linear analysis within elastic limits.

3.3. Determination of strain measurement location

The FE model of the lifting process was generated before the field
experiment to optimize the strain measurement locations. In total, eight
cables were connected to the PCS by creating wire joints and setting
connector sections as pin connections. Thereafter, meshing was per-
formed, and FE analysis was conducted. The obtained strains were
relatively close to zero. This reduction in the strain values during lifting
was attributed to the balanced eight-point lifting scheme. The gauge
positions were optimized such that the installation location of each
gauge was close to a point of zero strain, and the symbols S1, S2, and S3
represent the strain gauges 1, 2, and 3, respectively, on PCS, as shown in
Fig. 6.

The optimal strain gauge locations were selected as the points that
exhibited almost zero strain during the lifting process, as shown in
Fig. 6. The gauges and the accelerometer were installed at the selected
locations. The field data were then processed by maintaining the strains
close to zero at the locations of the three gauges in the lifting stage. The
offsets of the field data for the GR and TR cases were adjusted.

Table 3

Assumed parameters of the FE model.
Parameter Value Units
Concrete
Elastic modulus 27,000 MPa
Density 2.1 x107° tons/mm>®
Poisson's ratio 0.16
Steel bars
Elastic modulus 210,000 MPa
Density 7.8 x 107° tons/mm?®
Poisson's ratio 0.3
Cables
Elastic modulus 170,000 MPa
Density 7.8 x 10°° '(ons/mm3
Poisson's ratio 0.3
Timber
Elastic modulus 14,000 MPa
Density 6 x107° tons/mm?
Poisson's ratio 0.18
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8-point lifting

Lifting cables .
Z Yaw

Unsymmetrical Bottom

® Zero strain locations

Fig. 6. Stress distribution of FE model during lifting.

4. Field observation
4.1. Acceleration measurement

Three-axis acceleration values were measured at 100 Hz continu-
ously for 80 min throughout the delivery process, and a high-pass filter
with a cut-off frequency of 0.1 Hz was applied to the acceleration data to
compensate for offsets in the measurement, as depicted in Fig. 7.

The standard deviations of the vibrations along the x-, y-, and z-axes
were 16.27 mg, 48.62 mg, and 23.65 mg, respectively, indicating that
the vertical direction (i.e., y-axis) experienced the strongest vibration
during transportation. The peak accelerations along the x-, y-, and z-axes
were 164.89 mg, 682.59 mg, and 273.94 mg with durations shorter than
2 s. The peak vibrations did not reach the vertical (i.e., 1000 mg) and
transverse (i.e., 500 mg) vibration limits specified in the general trans-
port condition for road transport within the Cargo Transport Units
(CTU) Code [48], and the structure was considered safe for vibration
during transportation.

4.2. Tilt measurement

The three-axis raw acceleration measurement data were converted
into the tilt of the structure by using Egs. (5) and (6):

0, =tan™' {azccx 2} (5)
yacey,” + ace;,

acc;
e race (6)
acc,” +accy

where accy, accy, and acc, denote the accelerations along the x-, y-, and z-
axes, respectively, and 6, and 6, denote pitch and yaw.

The pitch and yaw were close to 0 in the GR stage, but they increased
suddenly to 2.1° and — 0.5°, respectively in AL stage (Fig. 8). The tilt did
not change during the AL stage, indicating that the structure was well
balanced and did not experience turnover and force transfer between
cables. In the transportation stage, where the truck was on the road, the
tilt fluctuated, but it was restored at the end of the transportation stage.
This observation pertaining to tilt suggests that there was no significant
change in the movement of the PCS

0, = tan™! {

4.3. Raw strain measurement

Strains were measured at the three locations indicated in Fig. 4. The
raw strain measurement was initialized at zero in GR stage, as displayed
in Fig. 9. A comparison of the measured strains with the cracking limit of
133 pe revealed that the strain recorded by S1 reached 95% of the limit



Automation in Construction 145 (2023) 104639

S.U. Khayam et al.

acc

80

Time (min)

Fig. 7. Acceleration measured during experiment.
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Fig. 8. Tilt measured during the experiment.
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(i.e. 127 pe) during transportation, but it did not exceed the limit. This
indicated that the structure was in a high-risk condition without the
presence of any crack.

4.4. Offset-adjusted strain measurement

Since the initial offset for strain cannot be measured unless the strain
gauge is embedded in the structure during its manufacture, strain
measurements cannot indicate the absolute stress distribution in the
structure. Therefore, a proposed offset adjustment method is developed
to determine the absolute strain by adjusting the strain measurements in
the lifting stage that are close to zero. As described in Section 4.3, the
sensors were installed at locations with zero strain, as obtained from the
FE analysis, and strain measurements were processed by ensuring that
the strains in the AL stage were close to zero. Before data processing, the
strains in the GR stage were zero (Fig. 9), however, after offset adjust-
ment, the maximum resulting tensile strain during the GR stage was 127
pe at S3 (see Fig. 10a). It is worth noting that the value recorded by S3
after offset adjustment was quite close to the cracking limit, even in the
GR stage, whereas raw strain measurements did not show any sign of
damage in the GR stage.

In TR stage, the adjusted measurement indicated compressive strain
at all three gauges, and the highest compressive value of 204 pe was
observed at S3. Because the strain gauges were attached onto the top
surface of the PCS, strain applied on the bottom of the PCS was also
investigated indirectly to find applied tensile strain at the bottom sur-
face. The strains on the bottom surface were estimated by assuming a
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depicted in Fig. 10b. According to the figure, the peak value of bottom
strain at S3 is 195 pe, which exceeds the cracking limit, while the strains
at S1 and S2 are in the safe strain region. The safety of the PCS can be
assessed by monitoring the top and bottom strains, and the PCS used in
the experiment was found to be unsuitable for field application.

On the basis of the discussions in the above sections, the threshold
value was calculated as 133 pe, which was considered the cracking strain
limit, according to ACI 2011 [45]. The cracking strain limit can serve as
a warning indicator of PDMS for drivers during the transportation of PCS
on trucks. Table 4 presents the results of a comparative condition
assessment between the conventional method that uses raw strain
measurement and the offset-adjusted strain measurement method pro-
posed herein. In the case where raw strain measurements are used, the
PCS is at a high risk of top strain and cracking on the bottom surface only
in the transportation stage. By contrast, the offset-adjusted results
indicate the high-risk condition of the structure in the GR stage and
crack occurrence in the transportation stage.

Table 4
Condition assessment based on strain measurement.

Strain without Strain with Strain with offset

linear distribution of strain along the cross-section. First, the neutral axis offset adjustment  offset adjustment (Bottom)
along which stress becomes zero at the cross-section was obtained using ?,?i‘;mem
the FE model. Next, the strain on the bottom surface was calculated
using Eq. (7): Maxim.um 127 pe 127 pe 195 pe
Tensile
y Stress
& =& (ﬁ) @] Assessment High-risk condition High-risk High-risk condition
Y detected in condition detected in TR stage/
. . . L transportation detected in GR Crack occurrence
where h is height of the cross-section, y is distance between the neutral stage stage detected in
axis and the top surface, (¢p) and (&) are strains on the bottom and top transportation stage
surface, respectively. The calculated strain on the bottom surface is
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Fig. 10. a) Offset-adjusted strains on the top surface of the PCS, and b) calculated offset-adjusted strains on the bottom surface of the PCS.
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Support location

Timber support

5. Discussion
5.1. Effect of support condition on strain distribution

The GR stage was modeled by placing the PCS over five supports
(100 x 100 mm? area) under gravity loading as per on-site support
conditions, depicted in Fig. 11. In the FE model, the connection between
the supports and the slab was modeled by creating an interaction
property. The bottom surfaces of the supports were fixed.

The initial strain offsets in the GR stage, as shown in Fig. 10, can be
explained by examining the effects of different initial support displace-
ments. In the GR stage, the uneven longitudinal profile of the PCS as well
as the heights of different timber supports can cause an uneven stress
distribution. Therefore, support optimization was performed to reduce
the difference between the offset-adjusted strain measurement and the
FE model by introducing an initial displacement at support no. 2 near
the third strain gauge, as observed on site (Fig. 11b), to investigate the
effect of support height and the corresponding strain distribution. The
initial displacement of support no. 2 was increased from 0 to 20 mm in
increments of 5 mm (Fig. 12). The model indicated uneven strain dis-
tribution in the PCS, tensile strain was observed at S3, and compressive
strain was observed at S1 (Fig. 12). These results were similar to the
distribution of offset-adjusted strain, as summarized in Table 5. There-
fore, the FE model with the initial displacement of 10 mm was consid-
ered for comparison with the adjusted strain measurement, and it is
displayed in Fig. 14a. This analysis suggested that even a minor change
in the height of the support dramatically affects the strain distribution.

60 T T — 77
' — /s
E =N
- 40 = 7
) - Y
2 = 7,
£ 20f - 71
g — /7
7 — /,
0 R
20 '
1 2 3

Strain Gauges

Fig. 12. Effect of changing initial displacement of timber support no. 2 from
0 to 20 mm.

R.C deck slab

Fig. 11. a) Longitudinal profile of PCS in the GR stage, and b) FE model with five supports.

5.2. Observations related to support condition in TR stage

The support condition in the TR stage was observed carefully. As
depicted in Fig. 13a, to ensure safety, the workers placed seven supports
under the structure evenly, but only three timber supports were in actual
contact with structure, as indicated in the enlarged sections. This lack of
contact at all points between the structure and the supports was ascribed
to the asymmetrical shape of the structure. The site conditions were
reflected in the FE modeling of the TR stage by considering only three
supports (Fig. 13b). During modeling of TR stage, the optimal support
condition was achieved by setting the initial displacement of the first
and third supports to 5 mm (see Fig. 14b). The strain distribution ob-
tained from the FE model deviated from the adjusted strain value
measured using the PDMS owing to uncertainty in material, geometric
properties, and support condition, Notably, S1, S2, and S3 were under
compression, as monitored using the PDMS (see Table 5). The FE model
with the updated boundary condition suggested that timer support no.1
and 3 were at higher positions than support no. 2, which induced
compression on the top surface.

5.3. Considerations for support condition during delivery

The Support condition at GR and TR stage were investigated in
Section 5.1, 5.2 and it was observed that strain distribution on the
structure varies by not only the number of the supports but also contact
condition of each support. In the GR stage, the position of the timber
support no.2 was higher than other supports inducing tension at the left
half of the structure. In the TR stage, the top strains were in compression
due to relatively lower position of support no.2 compared with no.1 and
no.3. Further, analysis was carried out using an FE model with an ideal
support condition, in which five timber supports were spaced equally
and were in full contact with the structure. The FE analysis was per-
formed by first changing the support size and then determining the
support position and number to achieve the minimum strains. It was
observed that a minimum of five supports with a size of 100 mm placed
at positions where the asymmetrical bottom has large gaps with ground
surface can minimize the high strain values (Fig. 14c). The statistical
mean of the monitored data was computed during each stage of delivery
for comparison with the simulated data. The comparison results and the
ideal strain values applied to the structure are summarized in Table 5.
The resulting strains are in low-risk range, and their values do not
exceed 50 pe for both tension and compression, indicating the impor-
tance of contact condition and number of supports.

5.4. Practical considerations for field applications

The developed system is a novel contribution to the current practices
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Table 5
Comparison of strain values of the FE model for different cases.
Monitored Data FEM FEM
Considering Field Support Condition Considering Ideal Field Support Condition
S1 S2 S3 S1 S2 S3 S1 S2 S3
GR stage —40 58 139 -20 40 61 -21 24 —6.9
TR stage —87 -75 —108 -76 —-80 —61

Precast panel on site (TR)

Timber support R.C deck slab

Fig. 13. a) Actual support condition in TR stage, and b) FE model with three supports.

GR support condition

a)

Y .
& Sensor location

Fig. 14. a) Support condition in GR stage, b) Support condition in TR stage, c) Ideal field support conditions.

because thus far, hardly any research has been conducted to highlight for the GR and TR stages with different support conditions. For simpli-

the concept of absolute strain for PCS monitoring and safety by using a fied lifting analysis, a parametric model for a general type of structure
portable device. The proposed system can be useful for monitoring PCS, can be considered.
however, the following limitations should be considered in future Sensor installation: Sensors are fixed on the surface of concrete
studies to improve the applicability of the PDMS. structures by drilling screws into them, which can damage the struc-
Need for FE model: An FE model is required to determine the optimal tures. In the field test, a thin steel plate was attached to a concrete
strain measurement position during the lifting process. Only boundary surface with epoxy, and sensors with four magnets were mounted on the
condition that FE model should consider is position for lifting cables, plate for recording measurements. This installation process can be
other than this, the monitoring system does not require generate models simplified to a greater extent for practical implementation.
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Online monitoring: Data processing after delivery of the structure may
extend the workflow at the site. For practical implementation of the
system, an online monitoring system that receives and processes data
online by using cloud services is required.

6. Conclusions

This paper incorporates the successful development and imple-
mentation of a portable multimetric sensor system for assessing the
condition of PCS during transportation. To this end, first, we developed
a portable delivery monitoring system (PDMS) that supports a high
sampling rate of 100 Hz for measuring both strain and acceleration
continuously for up to four days during the transportation of PCS. In
addition, a safety evaluation strategy was developed to assess the
maximum strain on the structure by using offset-adjusted strain
measurements.

With the developed system, a field experiment involving the actual
transportation of a PCS was conducted. The PCS used herein was a 12-m-
long precast concrete deck panel. The PCS was initially in the GR stage,
and it experienced AL and transportation. The acceleration, tilt, and
strain measurements of the PCS were analyzed to investigate its safety.
In the AL stage, the tilt values obtained using the PDMS were stable,
suggesting that the lifting process did not cause overturning or force
distribution in the lifting cables. In the transportation stage, the pro-
posed offset adjustment approach that adjusts the offsets of the
measured raw strain data was applied, and the obtained offset-adjusted
strains were compared to the cracking strain limit specified in ACI 2011
for safety assessment. The assessed data revealed that the structure was
at a high-risk level in the GR stage, and a crack formed in the trans-
portation stage because the structure was excited by the movement of
the truck. Further investigation was conducted to explain the differences
in strain distributions across the GR and TR stages, which were expected
to have similar strain levels. The investigation revealed that the contact
condition between the timber supports and the structure heavily
affected the strain distribution. Therefore, evenly spaced and fully
contacted supports, the so-called ideal support conditions, were sug-
gested to considerably reduce the strain applied to the structure and
ensure that it remains at a low risk level. Overall, the results indicate
that the PDMS can serve as an efficient monitoring system for measuring
acceleration and strain during PCS transportation, and crack occurrence
can be identified through the proposed strain offset adjustment. More-
over, the support condition of the structure highly affects its strain
distribution, thus highlighting the need for proper support deployment
during transportation. Our results indicate the effectiveness of using the
PDMS for precast monitoring, but they do not indicate that the system
can support real-time data management for making timely decisions.
Future work will seek to develop a cloud-based monitoring system that
detects anomalies and alerts users to facilitate real-time decision-making
for securing quality of precast structures during their transportation.
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