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Abstract. Application studies on wireless sensor networks (WSN) are actively conducted in the construction industry.
However, there are several technical limitations including signal interference caused by the characteristics of wireless
sensors, reliability degradation in wireless communication and uncertainty of configuring a network topology. This may
lead to a decline in reliability and performance of real-time data acquisition methods. Thus, the paper developed a model
capable of predicting reliability performance of wireless signals applied to civil infrastructures. The measured and pre-
dicted values of wireless signals are compared and analyzed through a field experiment carried out in an actual bridge to
verify the prediction model suggested herein. As a result of the analysis, the prediction model demonstrated a variation
up to 8.4% compared with actual measurements, proving the high accuracy of the prediction model. Furthermore, the
reception rate at short distances within a 5 m radius is at least 90%, showing a highly reliable reception capacity. When
this is applied to monitoring systems in the construction sector, it is believed that performance and reliability of such

system can be secured.
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Introduction

Recently ubiquitousness, implying something that exists
anywhere, anytime, is being noticed at industry sectors.
In this ubiquitous era, there is great interest on automated
construction systems to enhance users’ convenience and
efficiency as buildings keep getting higher, larger and
more complicated. Until now, the amount of logistics
or manpower input has been identified manually at con-
struction sites, and it was highly time-consuming to col-
lect measurement data at construction sites. These have
led to issues on unnecessary costs and low efficiency.
Introduction of wireless communication has been accel-
erated to resolve such issues.

Various types of wireless communication technolo-
gies are applied to a wide range of areas. Yet, methods to
accurately predict the performance of wireless commu-
nication have been limited despite the fact that reliable
data collection is required at relatively large-scale areas
like construction sites. This not only generates errors in
measurement data and degrades reception reliability, but
also reduces stability and efficiency of the network con-
figuration. Ultimately, it may lead to direct loss in terms
of system efficiency and reliability which are essential

in building wireless monitoring and tracking systems for
civil infrastructure such as bridges and buildings. There-
fore, the paper quantitatively analyzes various failure
factors that are likely to affect wireless communications
at construction sites. Also, it is intended to develop and
verify a prediction model capable of identifying relia-
bility performance of 2.4 GHz wireless communication
by utilizing information on obstacle types, thickness and
distance between sensors.

1. Literature review

The adoption of ZigBee as WSN technology has grown
in many industrial applications responding to recent
trends of remote sensing and wireless monitoring. In the
civil and construction engineering areas, infrastructure
monitoring, such as tunnels, dams, bridges, buildings,
and highways, ZigBee is being used as the main driver
of wireless data collection (Kim et al. 2011; Dhivya, He-
malatha 2013; Igbal, Yukimatsu 2011; Miao et al. 2012;
Kim et al. 2008; Dibley et al. 2012). Construction asset
tracking, crew monitoring, safety monitoring and equip-
ment tracking are other examples of ZigBee technology
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in construction engineering areas (Wu et al. 2013; Yang
et al. 2011; Naticchia et al. 2013; Song et al. 2007). Some
other ZigBee applications for data collection and process-
ing also include underground monitoring, environmental
monitoring, industrial control and monitoring, and locali-
zation (Sung, Tsai 2011; Xu, Wu 2012; Blumenthal et al.
2007; Hwang, Yu 2012). Although WSN technologies pro-
vide many opportunities and potential in data communi-
cation due to mobility and removal of wires, research on
WSN is still in early stages with limited practical stand-
ards and applicability. In this respect, some researchers
have pointed out the current challenges and raised issues
regarding reliability, performance, network scalability,
power management and fault tolerance (Jardosh, Ranjan
2008; Capella et al. 2005; Yick et al. 2008).

Performance reliability is one of the concerns of po-
tential users of wireless technology in civil engineering
applications. Basically, customers of civil infrastructure
systems expect a similar level of performance reliability to
that experienced in traditional wired systems (Silva ef al.
2012). In a civil engineering sense, performance reliability
means that the desired data is sent to the receiver at long
distances with minimal measurement errors, as well as
high data quality and delivery rate (Hwang et al. 2010).
On the other hand, propagation of the radio signal through
air often encounters coverage loss and deterioration of the
link quality (Li et al. 2008). More complications lie in the
fact that different radio frequencies, transmission power,
obstruction type, and interference affect RF (Radio Fre-
quency) propagation characteristics (Yick ef al. 2008). RF
propagation with a path loss model in indoor or outdoor
environments has been the subject of extensive research in
many wireless communities. The focus of research meth-
ods has mainly been on the theoretical waveguide model,
site-specific statistical approaches, ray-tracing model, nu-
merical model using finite difference time domain, and
heuristic approaches (Sarkar e al. 2003). Nevertheless,
the complexity of those methodologies and research out-
comes do not completely provide practical implications to
civil engineers who plan to adopt wireless sensor networks.
In addition, such propagation environments are classified
mainly by the building type, geometry of rooms and floors,
and partitions. On the other hand, the unique characteris-
tics of individual obstructions according to materials type
and thickness have not been addressed. A broad classifi-
cation of obstruction details and impractical guideline of
WSN performance fail to provide a clear understanding of
the WSN application framework to civil engineers.

Therefore, the methodology presented in this paper
(including both parts I and II) aims to provide both experi-
mental results and a prediction model to easily identify
the performance reliability of WSN in civil infrastructure
applications.

2. Path loss model

The log-distance path loss model is a generalized path
loss model based on the free space path model which is
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applied with the pass loss exponent # where values can be
applied depending on the environmental conditions. The
following equation can be deducted (Rappaport 2002):

PL(d)[dB] = PL(d,)+10nlog (dij , (1)
0

where: PL(d) refers to the log-distance path loss and d,
refers to the reference distance. Various values can be ap-
plied to the path loss exponent depending on the environ-
mental settings. The path loss gets larger as the path loss
exponent n increases as shown in Table 1.

Table 1. Path loss exponent, n, according to different
environments (Rappaport 2002)

Environment Path loss exponent, n

Free Space 2
Urban area cellular radio 2.7t03.5
Shadowed urban cellular radio 3t05
In building Line-Of-Sight 1.6 to 1.8
Obstructed in building 4106
Obstructed in factories 2to3

Meanwhile, even if the distance between the trans-
mitter and receiver is the same under the actual wireless
environment, each path may have a different path loss
according to the location of the receiving module and
environment. However, these factors are not specifically
reflected in the free space propagation model and the log-
distance path loss model described above. Log-normal
shadowing model is the model that reflects these factors,
and it can be expressed as the following equation:

PL(d)[dB] =

PL(d)+ X, = PL(dy)+10nlog [dij +X,, (2
0

where: X, refers to the Gaussian random variable with
standard deviation of ¢ with average 0. Eqn (2) reflects
the random shadowing effect so that a different path loss
can be generated on the same distance. In other words,
even though the distance between the transmitter and re-
ceiver is the same, a different path loss can be generated
depending on the surrounding environment, representing
the shadowing effect. Here, shadowing implies that the
radio wave that is diffracted, refracted and penetrated can
reach the receiver again even if the module is blocked by
an obstacle that causes interference in propagation.

The Okumura model is widely used to predict
wireless signals at urban environments (Okumura et al.
1968). This model is mainly used at a frequency band of
150 MHz~1920 MHz, cell radius of 1 km~100 km and
base station (BS) antenna height of 30 m~1000 m. The
free space propagation model of Okumura PL(d) can
be represented as the following equation:
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PLok (d)[dB] =

PLp + Ay (f,d) = Gpy =Gy + G yrgas )
where: A,/f,d) represents the average attenuation of
means for the free space, G, and Gr, the transmitting an-
tenna gain and the receiving antenna gain respectively and
G rE4 the gain according to propagation environment.
Gy, and Gr, consider only the effect of antenna height.
Other factors such as the antenna pattern are not taken
into consideration.

Currently, the most widely used path loss model is
the Hata model which was based on the Okumura model
(Hata 1980). Hata has performed modeling for large cities,
suburban areas and open rural areas based on the Oku-
mura’s empirical path loss model. The path loss model at
city areas can be represented as shown in Eqn (4):

PLHata,U (d)[dB] =
69.55+26.16log f, —13.82log hiy, —

Cp, +(44.9-6.55loghy, )logd, (4

where: f, is the valid frequency at range of 150 MHz~
1500 MHz, d is the T-R (Transmitter and Receiver) sepa-
ration distance (km), the distance between the transmitter
and receiver, and /7, is the height of transmitting anten-
na (m). Cp, is the correlation coefficient of the receiv-
ing antenna, and there are 2 types according to the ser-
vice propagation range. Cp, for transmission at narrow
transmitting/receiving range can be defined as shown in
Eqn (5) and Cy, for transmission at broad transmitting/
receiving range as shown in Eqn (6):

Cr, =0.8+(1.1log 1. —0.7)hg, —1.56l0g f;

Cre :{

Meanwhile, the path loss model for suburban and
open rural areas can be represented as PLj,,, si/(d) and
PLj 44 0(d) Tespectively as shown in Eqns (7) and (8). The
path loss is larger at urban areas with packed obstacles
than at those with fewer obstacles:

)

8.29(log(1.54h,))* —1.1, if f, <200 MHz
3.2(log(11.75hp, ))* —4.97, if f. >200 MHz.(6)

PLHata,SU (d)[dB] =
f 2
PLpya,0(d) = 2(10g 2_C8j -54; (7)
PLHata,O (d)[dB]= PLHata,U (d) _4'78(10gfc)2 +
18.33log f, —40.97. @)

3. WSN prediction model for civil infrastructure

There have been multiple studies on empirical analyses,
basically in the electrical and communications sectors,
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to predict wireless communication just like the path loss
model specified above (Sarkar et al. 2003). The referenced
model is used to predict the reception performance of
wireless signals at long-distance wireless communication
networks by simplifying the attenuation effect of wireless
signals on terrains or artificial structures. However, it is
difficult to theoretically suggest the effect of attenuation
taking into account the existence of obstacles at construc-
tion sites. The reason is that various types of obstacles are
spread out at the site interfering with propagation, making
it more complicated to identify the performance of wire-
less communication. Empirical analysis and quantitative
prediction of wireless communications reliability under
such environment may become highly-significant techni-
cal factors in improving the overall WSN system perfor-
mance. Thus, this study developed a performance predic-
tion model for wireless signals using regression analysis,
based on the result of empirical experiments (refer to
Part I) on the attenuation of wireless signal performance
using concrete blocks and steel plates among representa-
tive construction materials. Three RSSI, LQI and PDR in-
dexes have been adopted for the analysis (refer to Part I):
RSSI (Received Signal Strength Index) is an indicator of
power measurement calculated by the receiver; LQI (Link
Quality Index) is an indicator to assess quality of the com-
munication link between nodes; and PDR (Packet Deliv-
ery Rate) is defined as the ratio of the number of success-
fully received packets and transmitted packets.

In this paper, the path loss model is referred to as a
theoretical background to formulate the empirical equa-
tions and development of the prediction model. Prediction
of RSSI is based on the path loss model described as a
log function. While predictions of LQI and PDR are not
directly related to the path loss model, they are inferred
as power functions from both the nonlinearity of the path
loss model and experimental results in Part 1.

3.1. Empirical equation

Concrete is an insulator with a dielectric constant of
around 2.1-2.3 (water is 80.1 at 20 °C), so when a wire-
less signal penetrates concrete, some energy is reflected
and the other is penetrated. Generally, the bigger the di-
electric constant, more energy is reflected and absorbed
and there is less radio wave penetration. In addition, even
if materials have the same dielectric constant, the thick-
er the wireless signal, the less the radio wave penetrates.
Penetration performance is likely to change depending on
the homogeneity of material. Thus, reinforced concrete
may have complicated patterns when it comes to radio
wave penetration.

Quantitative analysis of experiments on wireless sig-
nal performance considering characteristics of concrete
blocks was conducted in Part I. The concrete block used
was plain with thickness ranging from 12-60 cm to ob-
tain 3 different indexes (RSSI, LQI and PDR) per unit
distance. The measured indexes per unit distance were
then plotted in regression curves. The receiving patterns
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by material thickness and T-R separation distance were
analyzed to be used as reference data of the prediction
model. Based on the regression curves of raw data, Ta-
ble 2 demonstrates the empirical equations of RSSI, LQI
and PDR expressed as log and power functions. Here, “a”
and “b”, used as the equation coefficients, are functions
of thickness ¢, where the thickness and characteristics of
concrete block are taken into consideration. The calcula-

tion is explained in detail in the next section.

Table 2. Empirical equations for concrete block (x denotes T-R
separation distance)

Thickness RSSI LQI PDR

(m] y=alnx+b y=ax’+100 y=ax"+100
a b a b a b

12 -6.11 -6335 -0.09 155 -1.4E-04 3.12

24 -5.75 -6524 -0.18 1.41 -0.0035 242

36 -539 -67.14 -0.30 133 -0.021 2.02

48 -5.03 -69.03 -043 127 -0.085 1.73

60 -4.67 -7093 -0.56 123 -0.251 1.51

Steel is a conductor with wave penetration proper-
ties that are very different from that of concrete. When a
wireless signal hits a steel object, most of the electromag-
netic field energy is reflected and only very little energy
penetrates. So, if a steel plate is placed at the T-R path,
only very little energy penetrates, resulting in a dramatic
decline in received signal strength and reduction of link
coverage. Likewise, based on the regression curves of raw
data in Part I, Table 3 demonstrates the empirical equa-
tions of RSSI, LQI and PDR expressed as log and power
functions. Here, “a” and “b”, used as the equation coef-
ficients, are functions of thickness ¢ of steel plate.

3.2. Signal prediction model using extended regression
function (ERF)

The regression curves of the empirical equation described
in the previous section are the log function for RSSI and
power function for LQI and PDR, and each coefficient
“a” and “b” is used. Since the coefficients applied herein

Table 3. Empirical equations for steel plate (x denotes T-R
separation distance)
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represent different characteristics according the material
properties and thickness, it requires additional statistical
analyses reflected with the values per measurement in-
dex and per material. Thus, this study intends to suggest
a methodology for general users to predict approximate
RSSI, LQI and PDR values using those empirical equa-
tions. This can be easily achieved by only calculating the
coefficients based on the T-R separation distance and the
thickness and material characteristics of the obstacles in
order to build a network using wireless sensors. To do
so, an extended regression function (ERF), in which the
thickness of obstacles applied to the previously mentioned
empirical equation is expanded, is deducted, and coeffi-
cients “a” and “b” according to the obstacle characteristics
are applied to ERF. This methodology will be helpful to
easily and efficiently predict the performance of wireless
communication without executing a time-consuming reli-
ability test for each node when building a network with
hundreds and thousands of wireless sensor nodes.

Based on measurement data from 1 concrete block
(12 m) — 5 concrete blocks (60 cm), and steel plates from
1 sheet (1 cm) — 10 sheets (10 cm), coefficients “a” and
“b” per thickness were obtained for RSSI, LQI and PDR
respectively. Thickness of the concrete block was then
extended up to 180 cm and steel plate up to 20 cm to
calculate RSSI, LQI, and PDR. The regression curves of
coefficients “a” and “b”, where thickness is the independ-
ent variable, are shown in Figure 1. Coefficients “a” and
“b” of the concrete block and steel plate for RSSI can
be expressed linearly as they get thicker, yet there is a
difference in “a” and “b” values according to the insula-
tor and conductor characteristics. On the other hand, the
regression curve of coefficients “a” and “b” for LQI and
PDR shows a decreasing power function as the material
gets thicker. A list of coefficient functions for each meas-
urement index based on the characteristics of materials is
specified in Table 4.

Based on the coefficient functions, a prediction mod-
el using ERF with different thicknesses from 12 cm up to
180 cm for concrete blocks and 1 cm to 20 cm for steel

Table 4. List of coefficient functions for measurement index in
each material type

a(?) b(?)
Thickness RSSI LQI PDR Function Function
[m] y=alx+b  y=ax’+100 y=ax’+100  RSSI Concrete 0.03— 647 0158t — 61.45
a b a b a b Block
1 —6.11 —65.75 -0.019 2.05 -0.06 19 Steel 0.09/ — 6.2 ~1.05¢ — 64.7
2 602 668 006 1.8  —0.16 1.69 Plate
3 593 6785 -0.12 1.66 028 157  LQI Concrete —0.08847exp(0.03147) —0.2in(f) + 2.0458
4 584 689 024 156 -045 1.48 Block
5 575 6995 -04 148 075 141 Steel ~0.0017893.208—  —0.351In(t) +
6 -5.66 71 0.6 142 -12 136 Plate 0.0554 2.0469
7 557 -72.05 -1 136 17 131 PDR Concrete —5.585¢-010¢4.866— —in(f) + 5.603
8 548 -73.1  -15 132 23 127 Block  0.0002192
9 539 7415 -2 128 35 124 Steel ~0.002809¢3.229—  —0.3028/n(f) + 1.9
10 53 752 -3 124 -5 1.2 Plate 0.1644
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Fig. 1. Regression curve of Coefficient Functions a(¢) and b(f)

plates is suggested, and it is shown in Figures 2 and 3. It
should be considered that coefficient functions “a” and
“b” used at ERF are material thickness-dependent func-
tions, so the coefficient that corresponds to material thick-
ness should be chosen from Table 4 to be applied to ERF.
Thus, a user can easily decide the prediction model at
each T-R separation distance by applying the empirical
equations with the values of coefficients “a” and “b”. It
is interesting to note that the reception coverage distance
slightly varies according to the measurement index in the
prediction model. This is because occasional packet recep-
tion at the receiver was found even under —90 dBm yet
LQI and PDR values are very low. Thus, reception cov-
erage distances of LQI and PDR become slightly shorter
than that of RSSI at the regression curve equation.

4. Verification of prediction model based on case study

This section is intended to perform verification on the re-
liability of the prediction model by comparing and an-
alyzing the index values measured and calculated from
the representative bridges with real wireless sensors at-
tached. To do so, the shape of the actual bridge girder,

the thickness of the obstacle penetration on the T-R path
and the T-R separation distance between transmitters and
a receiver were calculated. Then, the measured values
and predicted values of RSSI, LQI and PDR under the
same conditions were compared and analyzed. In addition,
measured values and predicted values were interpolated
and visually represented using a contour map for verifica-
tion. Figure 4 illustrates details of a concrete and steel box
girder bridges. For the concrete girder bridge, the thick-
ness of the longitudinal and lateral girder is 31 cm and
20 cm, respectively. For the steel box girder bridge, the
thickness of the box web is 1cm and flange length of the
box is 238 cm.

For verification analysis: 1) 24-32 ZigBee nodes
were attached to the center of longitudinal girders, trans-
mitting the 2.4 GHz RF packet at intervals of 1 Hz to the
base station (BS) node, and the RSSI, LQI and PDR at
the BS were measured; 2) assuming that the same sensor
nodes are attached to the girder of the same study bridge,
the information on the penetration thickness of girder ex-
isting on T-R path is applied. Then, the corresponding
information is inserted as an ERF variable to calculate
predicted values of RSSI, LQI and PDR.
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Fig. 4. Detail drawings of each bridge type

4.1. Concrete girder bridge

The first experiment was carried out at Apryang Bridge,
a concrete girder bridge situated in Gyeongsangbuk-do,
South Korea. As shown in Figure 5, 24 sensors were at-
tached to the girder and RF packets were to be sent to the
BS located in the center.

icm

445cm

W1/
! - N A4

230cm 20cm

Fig. 5. Distribution of sensor nodes in concrete girder bridge
(BS is placed at bottom center)
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Figure 6 demonstrates measured and predicted values
obtained for each evaluation index with the BS at center
of the concrete girder bridge. In the RSSI case, both meas-
ured and predicted values show a relatively concentric cir-
cular distribution, yet when it comes to LQI and PDR, a
shallower distribution toward a longitudinal direction is
shown. Since the antenna of the ZigBee module is omni-
directional, a concentric circular distribution is likely if
the T-R path is on a line-of-sight (LOS) without obsta-
cles. However, varying contour map distributions may be
generated depending on the distribution of obstacles at
the T-R path where the signal is blocked by the girders as
shown in the experiment. Moreover, if the distance from
the BS is within 5 m, measured values and the predicted
values of the evaluation indexes are relatively similar, yet
the T-R separation distance gets longer, slightly different
distribution patterns are displayed. This implies that there
may be unpredictable influencing factors as the girder
where wireless signals penetration gets thicker and the
T-R separation distance gets longer. This may be owing
to the interference of multipath or irregular reinforcement
status, yet its effect may be insignificant.

Among the three evaluation indexes, the one that
may have practical meaning to construction engineers is

10 10
8 8

Bl 84 E 6 &

g 4 = 4 N ¥

[T
-92-86-80-74-68-62-56-50-44

(a) RSSI

(T
0 1020 30 40 50 60 70 80 90100

(b) LQI

/Y(m)

- [T
0 1020 30 40 50 60 70 80 90100

(c) PDR

Fig. 6. Contour map for concrete girder bridge with BS at
center (left: measured and right: predicted map)
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PDR which is the ratio of packets received out of total
transmitted packets. According to Figure 6(c), the contour
distribution of measured and predicted values within a 5
m radius represents a PDR of 95% or higher, indicating
that it is a zone where reliability is secured when build-
ing a wireless sensor network system. Although the PDR
range with secured reliability may vary according to the
applied areas, a zone with at least 95% reception rate is
at the permissible reliability zone when considering the
general monitoring level.

4.2. Steel box girder bridge

The second experiment was performed at a steel box gird-
er bridge called Yeonho Bridge located in Daegu, South
Korea. A total of 32 sensors were attached in a box, which
were set for transmission to the central BS (Fig. 7).

Figure 8 demonstrates the measured and predicted
values obtained for each evaluation index with the BS at
center of the steel box girder bridge. In the figure, both the
measured and predicted values show a relatively concen-
tric circular distribution, displaying relatively similar dis-
tribution patterns of measured and predicted values at the
same location. Similar to the experiment on the concrete
bridge, when it comes to PDR, in which general wireless
sensor users like construction engineers are more inter-
ested, values measured and predicted within a 5 m radius
show highly reliable values of at least 90% in average.
This indicates that communication reliability is superior
under a 5 m T-R separation distance when applied for gen-
eral monitoring of the site.

Unlike the concrete bridge results, the measured and
predicted values of the steel girder bridge were slightly
different. This is believed to be resulting from the uncer-
tainty of wireless signals that show highly varying recep-
tion performance according to peripheral conditions even
where static wireless communications are carried out at
the same distance and location. Moreover, since 32 wire-
less sensor modules were installed in a steel box, it is like-
ly that various types of multipath such as refraction and
reflection exist, and such atypical distribution of measured
values is caused by electromagnetic characteristics inside
the steel box. Despite all this, the distribution of measure-

3
500cm

=

SQOcmXSOOcm

-
K

K—k—
238cm 255¢cm

Fig. 7. Distribution of sensor nodes in steel box girder bridge
(BS is placed at bottom center)
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Fig. 8. Contour map for steel box girder bridge with the BS at
center (left: measured and right: predicted map)

ment and prediction values within a 5 m radius is very
similar in the contour map.

To verify the accuracy of the prediction model, de-
viation of measured and predicted values at each point
where a concentric circle and a straight line meets were
compared and analyzed as shown in Figure 9. The perfor-
mance evaluation index at the point where the concentric
circle and the straight line meet is not the actual meas-
ured value but the value interpolated by the contour map
representing the evaluation index value extracted from a
random location. This can propose a random evaluation
method on the accuracy of the actual measurement and the
prediction model. Here, the thickness of obstacles refers
to the actual penetration thickness considering the incident
angle and the number of girders. In addition, the devia-
tion values of measurement and prediction are represented
in percentage taking into account the full range of each
evaluation index. In other words, it represents the error
between measured and predicted values (in percentage) at
the full span of 0 dBm and —92 dBm in case of RSSI, and
the error between the measured and the predicted values
at full span of 100% and 0% in case of LQI and PDR.

As shown in Figure 10, average deviation values
of three evaluation indexes received from each sensor ar-
ranged in the same concentric circle are marked on the left
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y-axis. Also, the actual penetration thickness of obstacles
placed at the T-R path is displayed on the right y-axis,
with the location of the BS distinguished as center and
right corner for the concrete girder and the steel box girder
bridge. The average deviation of all 4 cases is 3.4% for
RSSI, 7.5% for LQI and 6.5% for PDR, verifying that the
accuracy of the proposed prediction model is excellent as
the error of all reception performance indexes is within
8%. When analyzing the respective evaluation index, the
deviation slightly decreases as the T-R radius increases
in case of RSSI. This is easily acceptable when consider-
ing the RSSI curve per T-R separation distance (refer to
Fig. 2a). RSSI value dramatically decreases at a short-
distance zone and as the distance gets longer, it converges
around —90 dBm. Thus, fluctuation of the received signal
at short distances is bigger than that at longer distances.
In the case of LQI and PDR, deviation values in-
crease as the T-R separation distance and the thickness
of obstacles increase. The measured raw data of LQI and
PDR gradually decrease as the T-R separation distance
and the actual penetration thickness increase, and drasti-
cally increase at the long distance zone (refer to Figs 2b
and 2c¢). Thus, the zone where LQI and PDR changes are
drastic shows a bigger deviation of measurement values
per unit distance. It is believed that additional environ-
mental factors including multipath may impact the recep-
tion performance under low signal strength. There is an-
other result to pay attention to. The average penetration
thickness of a concrete girder bridge and a steel box girder
bridge is 55.0 cm and 2.1 cm respectively and even though
the value of actual penetration thickness of the steel box
girder bridge is very small, each reception performance at
both girder bridges is similar. It can be inferred that the
propagation interference of steel materials is far greater
than that of concrete under the same concentric radius.

Conclusions and discussion

The study proposes a model to predict the performance of
wireless communication using the least possible informa-
tion such as obstacles, material characteristics and thick-
ness, and T-R separation distance. With the lab experiment
results, the study suggests a prediction model applied to
the extended regression function (ERF) of RSSI, LQI and
PDR by type and thickness of obstacles using regression
analysis method. In addition, the model was verified by
comparing and analyzing measured and predicted values
from actual experiments in the selected concrete and steel
girder bridges.

The prediction model showed very similarly pat-
terned distributions with the actual measurement in 3
performance indexes while demonstrating a slight differ-
ence owing to uncertainty factors such as multipath. As
represented in the error analysis, the deviation between
measured and the predicted values gets bigger when the
T-R distance increases. However, at least 90% of PDR
is shown within a 5 m radius, demonstrating high reli-
ability. Errors of 4.4%, 7.8%, and 8.4% were deducted

S.-Ch. Bae et al. Reliability performance of wireless sensor networks for civil infrastructure...

in RSSI, LQI, and PDR, respectively when measured and
predicted values were compared. While short coverage for
higher reliability is a generic limitation of low-power Zig-
Bee devices, extension of network coverage can be pos-
sibly achieved by adopting a multihop network scheme
for WSN applications in large-scale civil infrastructure. It
was verified that the proposed prediction model is highly
accurate. If the prediction model is interconnected with
3D design tools such as BIM in the near future, it is antici-
pated that a highly efficient and reliable network topology
design can be achieved at the construction design phase
taking into consideration attenuation of wireless signals.
The presented methodology and results are one of
the few approaches to explore WSN performance in civil
infrastructure. Therefore, analysis on WSN accuracy per-
formance from the prediction model compared with field
experiments would provide academic and practical con-
tribution to the application of WSN bridge monitoring.
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