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ABSTRACT 
High-performance fiber reinforced cementitious composites (HPFRCC) are a cement-based material in which a 
relatively low volume fraction of short fibers (steel, polymeric or carbon) are included in a cement matrix to 
produce a material that strain hardens under tension.  Exhibiting high damage tolerance and tensile strain 
capacity on the order of 1 to 3%, HPFRCC materials can be used to reduce transverse steel reinforcement and 
associated reinforcement bar congestion in shear-dominated structural components designed for seismic 
loadings.  To monitor the long-term performance of critical structural components within civil structures, 
low-cost monitoring technologies are necessary.  In this study, a wireless structural monitoring system is 
proposed for in-situ monitoring of HPFRCC structural components subjected to reversed cyclic loading.  A 
low-cost wireless sensing unit designed to collect data with high precision is adopted to monitor the response 
of an HPFRCC bridge pier column instrumented with a dense array of linear voltage displacement transducers 
(LVDTs), strain gages and accelerometers.  The wireless sensing unit platform is shown to be capable of 
recording the response of a structural system with accuracies comparable to those of a laboratory data 
acquisition system employing traditional coaxial cables.   
 
INTRODUCTION 
Over the past three decades, great strides have been made in advancing fiber reinforced cementitious 
composite (FRCC) materials for use as a primary building material in civil structures.  Fiber reinforced 
cementitious composites employ small fibers (steel, polymeric, carbon, among others) in a cement matrix to 
produce a material that has superior tensile properties in comparison to traditional concretes.  To address the 
post-cracking strain softening behavior of ordinary FRCC loaded in tension, a new class of the material that 
exhibits tensile strain-hardening behavior has emerged in recent years.  Termed high-performance fiber 
reinforced cementitious composites (HPFRCC), these novel materials contain a relatively low volume fraction 
(Vf < 2%) as a result of fiber geometry and fiber-matrix interface optimization [1].  When loaded in tension, the 
strain-hardening behavior of HPFRCC leads to the formation of a high-density of micro-cracks, as opposed to a 
few wide cracks typical of reinforced concrete structural components.  Some performance features of 
HPFRCC materials include strength in shear and self-confinement.  As a result, HPFRCC have been 
proposed for use in the design of earthquake-resistant structures prone to large inelastic deformations and/or 
high shear stress demands.  Since concrete-based building codes require substantial steel reinforcement to 
provide concrete components with shear-strength and confinement, HPFRCC materials can be used to 
substantially reduce, or even eliminate, the amount of transverse reinforcement required in 
earthquake-resistant members.  Additional material properties that render HPFRCC well suited for seimic 
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regions includes extreme ductility under both tension and compression and natural dissipation of 
large-amounts of energy when cyclically loaded.  To date, a number of HPFRCC structural specimens have 
been tested in the laboratory setting, including beam-column connections, structural shear walls, coupling 
beams, and flexural members under high-shear [2]; with outstanding performance attained in the lab, there is 
growing interest in the use of HPFRCC in real structural designs.  As HPFRCC begin to be applied in the field, 
opportunities exist to monitor their long-term performance under realistic loading scenarios not producable in 
the laboratory.  Empirical response data recorded from HPFRCC structural components will lead to better 
understanding of the material’s merits and limitations. 
 
Wireless structural monitoring systems are an emerging sensor technology that can potentially be used to 
monitor the behavior of HPFRCC structural components in the field.  Traditionally, structural monitoring 
systems have been designed to use coaxial cables for reliable communication between sensors installed in the 
structure and a centralized data repository where all measurement data is aggregated and processed.  
Suffering from high installation and maintenance costs, cable-based structural monitoring systems are largely 
reserved for use in critical structures (long-span bridges, dams and large structures) in regions of common 
seismic activity.  To substantially reduce the costs associated with structural monitoring systems, wireless 
communications has been proposed for communication of sensor data in the system [3].  In addition to 
integrating wireless transceivers with sensors, microcontrollers are often included in the design of wireless 
sensors to operate the sensor and to locally process measurement data.  This embedded computational 
power is capable of executing sophisticated data interrogation tasks such as those associated with system 
identification and damage detection analyses [4].  Wireless sensing units have made their way outside of the 
laboratory where they have proven themselves effective in monitoring the ambient and forced response of 
various field structures.  For example, the Alamosa Canyon Bridge in New Mexico has been instrumented with 
seven wireless sensing units to monitor bridge accelerations to modal hammer blows and traffic loads.  During 
the instrumentation study of the bridge, the wireless monitoring system was shown to have comparable 
accuracy to that of a commercial cable-based system [5].     
 
A new low-power wireless sensing unit prototype, designed for use in structural monitoring systems, is 
proposed for monitoring the performance of HPFRCC structural components under extreme lateral loading.  
The study is intended to illustrate the potential of wireless sensing units to monitor the long-term behavior of 
structural components constructed of novel civil engineering materials, particularly in earthquake-prone regions.  
An HPFRCC bridge pier specimen is densely instrumented with linear voltage displacement transducers 
(LVDTs), strain gages and accelerometers (acting as inclinometers) to monitor the specimen’s response to 
displacement-controlled reversal cycles.  The response data collected by the wireless sensing unit is 
compared to that collected by a traditional cable-based laboratory data acquisition system to validate its 
accuracy.  This paper represents the first phase in a two-phase study that is exploring the fusion of low-cost 
wireless sensing technology with new building materials to monitor in-situ performance and automate the 
detection of structural damage consistent with material limit states.   
 
HPFRCC CIRCULAR BRIDGE PIERS 
Highways and bridge systems often require the use of tall piers and columns to support elevated roadways.  
In particular, circular pier sections are popular because they render the pier easy to construct and provide 
lateral strength independent of the loading direction [6].  In addition, spiral reinforcement is very effective in 
providing confinement to the concrete, enhancing member shear strength and displacement capacity.  In the 
design of concrete bridge piers, longitudinal steel reinforcement bars are placed around the perimeter of the 
pier to provide flexural strength.  Transverse reinforcement is then added to provide shear strength, 
confinement for the concrete, and to prevent or delay buckling of longitudinal reinforcement bars.  For circular 
piers sections, the transverse steel reinforcement consists of a steel spiral that wraps around the longitudinal 
steel bars.  When bridge piers are used in seismic regions, they must be designed to experience large 
inelastic rotations and, depending on their shear span-to-depth ratio, to also withstand large shear stress 
demands.  For example, the California Department of Transportation (Caltrans) provides stringent seismic 
design criteria to ensure concrete bridge piers concentrate inelastic plastic deformation to well detailed plastic 
hinge regions [7].  The plastic hinge region is defined as the length of the column over which inelastic 
deformations occur, and is typically intended to form at the base of cantilevered bridge piers.  Thus, at the 
base of the pier, tightly detailed transverse reinforcement is used since bridge piers containing widely spaced 
transverse reinforcement have been observed to fail in shear [8].  However, as greater amounts of steel 
reinforcement are required to provide sufficient shear strength and confinement, reinforcement congestion and 
concrete placing problems may arise that could impact the desired quality and performance of the pier in the 
plastic hinge region.  



     
While no official design guidelines have been adopted for HPFRCC materials, HPFRCC structural elements 
have been thoroughly studied in the laboratory.  For example, HPFRCC have been used in the plastic hinge 
regions of flexural members unreinforced in shear.  In laboratory tests, these HPFRCC flexural members 
sustained shear stresses as high as 2.8 MPa and plastic hinge rotations of up to 0.06 rad [9].  Test results like 
these motivate our interest in the use of HPFRCC for the design of cantilever bridge piers in earthquake-prone 
regions.  The superior shear capacity and self-confining properties of HPFRCC materials render them ideal 
candidates for bridge piers designed to withstand the large displacement demands.   
 
LOW-COST WIRELESS STRUCTURAL SENSORS 
In recent years, wireless structural monitoring systems have been growing in popularity with current systems 
offering data acquisition quality comparable to that of traditional cable-based monitoring systems.  The 
fundamental building block of a wireless structural monitoring system is the wireless sensing unit.  Designed 
to acquire structural response data and to wirelessly transmit it to other wireless sensing units, the wireless 
sensing unit is not a sensor per se, but rather a node of a wireless data acquisition system to which analog 
sensors can be attached.  This flexibility permits the wireless sensing unit to be used to record the response of 
structural systems using a plethora of sensing transducers (e.g. accelerometers, strain gages, among others).  
A large number of different wireless sensing units have been proposed for structural monitoring applications, 
but a new wireless sensing unit prototype proposed by Wang et al. [10] is selected for use in this study.  This 
specific prototype has been optimized to attain the data acquisition performance demanded by structural 
monitoring applications and attains communication ranges consistent with the dimension of civil structures.  
With batteries the most probable power source in the field, the unit has been designed to minimize the overall 
power consumption of the unit so that battery life-expectancies are maximized.   
 
Designed from commercial off-the-shelf embedded system components, the wireless sensing unit’s 
architectural design is partitioned into three sub-systems.  The first subsystem is the sensing interface which 
is responsible for the collection of response data from structural sensors attached to the wireless sensing unit.  
The sensing interface consists of the Texas Instruments ADS8341 analog-to-digital (A/D) converter.  As a four 
channel A/D converter, four sensing transducers can be attached to the wireless sensing unit and read 
simultaneously.  The conversion resolution of the ADS8341 is 16-bits; the A/D converter is also capable of 
collecting data at a maximum sample rate of 100 kHz.  After data is collected and converted to a digital format 
by the sensing interface, measurement data is then managed by the unit’s computational core.  As the second 
subsystem, the computational core is responsible for the aggregation of data and for local interrogation of 
measurement data using embedded numerical algorithms.  The computational core is designed using the 
Atmel AVR ATmega 128 microcontroller.  The ATmega 128 has been selected for this prototype because 
previous wireless sensing units proposed by Lynch [11] had been based on a different microcontroller within 
the Atmel AVR microcontroller family.  The ATmega 128 operates at 8-MHz and is designed with an 8-bit 
architectural bus.  With only 128 kB of flash memory (used for permanent storage of embedded software) and 
4 kB random access memory (RAM) (used for temporary storage of measurement data), additional memory is 
needed.  For extensive storage of time-history data an additional 128 kB of external RAM is included in the 
computational core design.  The third subsystem is the wireless communication interface where data can be 
transmitted to and received from other wireless sensing units within the monitoring system.  The Maxstream 
9XCite wireless modem is selected for integration with the wireless sensing unit design.  Operating on the 900 
MHz radio frequency band, the modem is capable of data rates as high as 38400 bits per second and 
communication ranges of 300 m (line-of-sight).  Unlike previous wireless sensing units proposed for structural 
monitoring, the Maxstream modem only consumes a moderate amount of battery energy during its operation.  
The complete architectural design of the wireless sensing unit prototype is presented in Figure 1.   
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Figure 1 – Architectural design of the wireless sensing unit proposed by Wang et al. [10] 



 
Embedded software is written in the high-level programming language C to perform data acquisition and 
computing tasks.  For the reliable collection of response data from interfaced sensors, the embedded software 
is written to ensure that data sampling is done using a real-time clock.  To store the data in a centralized data 
repository, the wireless sensing unit is configured to occasionally transmit response time-history data to a 
laptop to which a Maxstream wireless modem is attached.  Since the transmission of the data is not real-time 
critical, data is only transmitted from buffered memory when the wireless sensing unit is idle; the unit is 
routinely idle between sampling steps.  A special communication protocol has been designed to enhance the 
reliability of data exchange in the wireless sensor network.  Specifically, the protocol requires the receiver 
(laptop) to acknowledge the reception of all data transmitted.  If the transmitter (wireless sensing unit) does 
not receive this acknowledgement, it continues to transmit the data until the acknowledgment is received.  A 
summary of the operation of the embedded software is presented in Figure 2.   
 
WIRELESSLY INSTRUMENTED HPFRCC BRIDGE PIER SPECIMEN 
An HPFRCC bridge pier specimen is constructed to 1) assess the performance of HPFRCC circular bridge 
piers with low aspect ratios under large displacement reversals, and 2) to validate the performance of the 
wireless sensing unit in collecting response measurements from the instrumented specimen.  The bridge pier 
has a height of 1.2 m to the lateral load point with a 0.4 m diameter circular cross section.  Since the HPFRCC 
material is designed to provide significant shear strength and confinement, the amount of transverse steel 
reinforcement required by code for seismic regions is reduced in the pier design.  A steel reinforcement spiral 
(#10M) with a 15 cm pitch is used to provide some shear strength and longitudinal bar support.  The column 
flexural reinforcement consists of twelve #6 steel bars (Grade 420M) equally spaced around the interior 
perimeter of the steel spiral.  The high-performance fiber reinforced cementitious composite (HPFRCC) 
material used in this study employs a 1.5% volume fraction of 3.8 cm Spectra fibers within a cementitious 
matrix consisting of Portland cement (Type III), fly ash, sand and water.  A reinforced concrete block, 1.8 m 
long with a cross section area of 0.6m by 0.6m, is constructed to simulate the foundation of the bridge pier.  
The HPFRCC pier is pored a few days after the concrete base is poured.  Because the cold joint (the 
pier-concrete support interface) is not crossed by Spectra fibers, dowel reinforcement, extending 36 cm into the 
bridge pier, is used to strengthen the cold joint and to prevent the concentration of inelastic rotations at the pier 
base.  In order to apply the lateral load to the top of the bridge pier, a concrete loading block is constructed 
upon the HPFRCC pier top a few days after the pier is poured.  The loading block is 0.4 m by 0.4 m by 0.4 m 
and is constructed with holes to which a 500 kN hydraulic actuator will be securely fastened.  A detail 
engineering sketch of the HPFRCC bridge pier specimen is illustrated in Figure 3(a); the completed specimen 
prior to testing is pictured in Figure 3(b).  Prior to lateral loading of the specimen, the average compressive 
strengths of concrete and HPFRCC cylinders are measured to be 34.5 MPa and 41.7 MPa, respectively.         
 
Cable-based Data Acquisition         
The Optim Megadac 3415 data acquisition system with the Optim ADC3016 ADC module is used to record 
measurement outputs from the sensors instrumented upon the bridge pier specimen.  The Optim ADC3016 
ADC module provides an analog-to-digital conversion resolution of 16-bits and can collect data at a maximum 
sample rate of 20 kHz.  The HPFRCC specimen is densely instrumented with LVDTs and strain gages to 
monitor strain and deformation during load testing.  In total, 20 metal foil strain gages are mounted to the 
surface of the longitudinal and transverse steel reinforcement within the HPFRCC pier.  LVDTs are mounted to 
the external surface of the bridge pier specimen.  For example, two LVDTs are attached to each side of the 
specimen base to monitor flexural deformation.  On a plane parallel to the plane of loading, another six LVDTs 
are mounted to steel rods that extend from the lower side of the HPFRCC pier; these LVDTs are intended to 
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Figure 2 – Real-time data acquisition and simultaneous wireless transmission of buffered sensor data  



track the shear deformation of the pier base.  The LVDTs mounted to the external faces of the pier are clearly 
shown in Figure 4(a).  The load applied and displacement provided by the actuator at the top loading block is 
also measured by the cable-based data acquisition system during testing.  The cable-based data acquisition 
system is configured to collect sensor data with a sample rate of 1 Hz.    
 
Wireless Sensing Unit Data Acquisition 
One wireless sensing unit is fastened to the concrete base of the test specimen to collect response data from 
four different sensors mounted to the HPFRCC bridge pier.  The sensing scheme adopted is intended to 
represent possible sensing strategies for monitoring the performance of HPFRCC bridge piers in the field.  
During cyclic loading of the HPFRCC bridge pier, the wireless sensing unit is configured to collect sensor 
outputs at a 50 Hz sample rate.  The high sample rate is consistent with the sample rates anticipated for use in 
field deployments.  Furthermore, a high sample rate allows for noisy data channels to be potentially filtered by 
down sample averaging.     
 
The first two channels of the wireless sensing unit are reserved to measure the voltage output from two LVDTs 
mounted to the flexural side of the pier base, as shown in Figure 4(a).  Both LVDTs are mounted to a rod 
extending from the pier surface approximately 41 cm above the pier base; one of the LDVTs is attached directly 
to the concrete base while the other’s free end is mounted to a rod 2.5 cm above the base (see Figure 7(b)).  
This LVDT instrumentation strategy provides the wireless sensing unit with a means of measuring the flexural 
deformation of the tensile and compressive face of the pier.  When the outputs of the LVDTs are compared to 
one another, they can be used in tandem to assess if a macroscopic crack forms at the HPFRCC-concrete 
interface.  An accelerometer is epoxy mounted to the surface of the loading block to record its rotation during 
loading.  The microelectromechanical systems (MEMS) Crossbow CXL02LF1 accelerometer is selected 
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Figure 4 – (a) LVDT instrumentation at the pier base with the two rightmost LVDTs interfaced to the wireless 
sensor, (b) accelerometer mounted to the loading block, and (c) the wireless sensing unit and a strain gage 
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Figure 3 – (a) Dimensions of the HPFRCC pier specimen, and (b) the fully constructed pier prior to testing 



because it is capable of measuring static (DC) accelerations.  Since rotation of the accelerometer within the 
field of gravity results in a detectable change in acceleration, the accelerometer is acting as an inclinometer. 
The last sensing channel is used to record the change in resistance of an 120Ω metal foil strain gage (with a 
2.11 gage factor) mounted to the spiral transverse reinforcement approximately 30 cm above the specimen 
base.  A Wheatstone bridge circuit using an instrumentation amplifier is designed to yield an amplified voltage 
signal that is proportional to the change in resistance of the strain gage [11].  Figure 5 presents a schematic of 
the Wheatstone bridge circuit designed for the wireless sensing unit.   
 
QUASI-STATIC SEISMIC LOAD TESTING OF THE HPFRCC BRIDGE PIER 
A hydraulic actuator, which provides lateral displacement reversals, is firmly attached to the pier’s top cubic 
loading block and is set to be displacement controlled.  A predetermined cyclic load pattern is slowly applied to 
the specimen so that the crack formation process can be traced upon the specimen surface and to visually 
monitor the deterioration of the pier’s shear strength and stiffness.  The HPFRCC pier specimen is subjected 
to a drift (lateral displacement divided by the distance from the column base to the loading point) pattern with 
peaks ranging from 0.25% to 10%, as shown in Figure 6(a).  Using the cable-based data acquisition system, 
the lateral force and displacement of the pier loading block is recorded from the actuator.  The corresponding 
shear force-drift response of the HPFRCC is shown in Figure 6(b).   
 
By studying the shear force-drift response of the bridge pier, it is clear that it maintains its strength up to 10% 
drift for the positive and negative loading directions.  Negligible shear strength decay is observed even at 10% 
drift, which is an extremely large displacement for such a structural component.  For drift levels up to 4.0%, 
cracking in the bridge pier base is characterized by a dense array of hairline flexural cracks (Figure 6(c)) that 
would not require repair.  At larger drift levels, damage localization occurs in one of the flexural cracks, leading 
to the opening of a wide crack during subsequent loading cycles.  Damage due to shear remains negligible, 
even though a large spiral pith and a shear stress demand of 2.9 MPa is observed. This stress demand 
corresponds to 0.45√f’c, MPa, where f’c is the HPFRCC compressive strength (previously measured to be 41.7 
MPa).  Given the fact that the HPFRCC material is used to provide shear strength and confinement, the 
opening of a wide flexural crack does not jeopardize the structural integrity of the bridge pier.  It is worth 
mentioning that compared to conventional RC bridge piers, post-earthquake repairs of HPFRCC bridge piers 
would be easier and more economical due to the fact that the shear resisting mechanisms would remain almost 
intact, and that smaller crack widths and no material spalling occurs.   
 
During cyclical lateral displacement, the flexural deformation of the HPFRCC bridge pier specimen is monitored 
using the two LVDTs mounted to the side face of the pier base.  The LVDT displacement data is recorded by 
the wireless sensing unit and simultaneously communicated to a laptop computer where data is logged.  As 
shown in Figure 7(a), the time history displacement data collected from LVDT1 and LVDT2 (as denoted in 
Figure 7(b)) using the wireless sensing unit and the cable-based data acquisition channel are in complete 
agreement.  There is a noticeable drift in the displacements measured by LVDT1 and LVDT2 that can be 
attributed to accumulation of inelastic deformation in the bridge pier’s plastic hinge region which is located in 
the vicinity of the LVDT mount points.  The deformation of the pier base 2.5 cm above the pier-support 
interface is measured by taking the difference between LVDT1 and LVDT2, as plotted in the bottom of Figure 
7(c).  Over the course of testing, the flexural deformation of the pier in this area is consistent with the 
anticipated flexural response of the pier.  However, when the last drift cycle peaks at 10% drift, there is a 
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Figure 5 – (a) Amplified Wheatstone bridge strain gage circuit, and (b) strain gage amplification circuit 

interfaced to the wireless sensing unit prototype during testing     



noticeable positive difference of almost 0.5 cm that suggests the possible formation of a significant tensile 
crack opening at the pier-support interface.   
 
To assess the ability of the wireless sensing unit to collect the strain response of the HPFRCC bridge pier 
specimen, the S4 strain gage mounted to the face of the spiral transverse reinforcement approximately 30 cm 
above the pier-support interface, is interfaced to the strain gage bridge circuit presented in Figure 5.  As 
shown in Figure 8(a), the hoop strain that develops in the spiral reinforcement is plotted along with the strain in 
gage S3, S5 and S6 as measured by the cable-based data acquisition system.  Plotted are the strain 
response measured by the four gages during the 5% drift cycles.  As can be seen in the figure, the strain 
measured by the wireless sensing unit is consistent with the strain measured by the data acquisition system.   
 
The rotation of the loading block is measured by the wireless sensing unit using the Crossbow CXL02LF1 
accelerometer mounted to the face of the loading block.  While the wireless sensing unit is successful in 
collecting the static acceleration of the block (which is related to the tilt of the loading block), the noise floor of 
the accelerometer is high relative to the small levels of tilt the loading block experiences (< 6°).  Using the 
measured static acceleration, the corresponding tilt (rotation) of the pier loading block is plotted in Figure 9.  It 
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dense micro-crack pattern of the HPFRCC pier base at 4% drift.   
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Figure 7 – (a) Measured displacement of the pier base in flexure (measured with the data acquisition system 
(DAQ) and wireless sensing unit (WSU)),and (b) instrumentation of LVDTs mounted to the flexural face 



should be noted that when using an accelerometer as an inclinometer, the accelerometer is incapable of 
differentiating between positive and negative rotations relative to the zero displacement position of the pier top.  
As shown in the plots of Figure 9, the accelerometer provides an excellent measure of the loading block 
rotation at the higher drift demands of 6 and 7% (7.3 cm and 8.53 cm, respectively).  The displacement pattern 
applied to the pier loading block was relatively slow during quasi-static testing and therefore allows the 
accelerometer to be used as an inclinometer.  However, during actual field instrumentation, the accelerometer 
might experience upward ground accelerations during a seismic event rendering an accelerometer difficult to 
use in the field for tilt measurement.   
 
CONCLUSIONS  
This study was successful in combining advanced wireless sensing technologies with novel building materials 
to provide an intelligent civil structure capable of self-assessing its performance.  An HPFRCC bridge pier 
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Figure 9 – Absolute rotation of the HPFRCC bridge pier loading block relative to applied drift demand  
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specimen was exposed to large cyclic deformations to assess its suitability for use in earthquake-prone regions.  
During cyclic testing, the bridge pier experienced high shear demands at its base without experiencing shear 
failure typical of concrete columns.  As a result of these tests, it can be concluded that HPFRCC materials can 
offer the opportunity to reduce or even eliminate the transverse reinforcement currently required in seismically 
detailed structural components.      
 
Instrumentation of the HPFRCC bridge pier specimen with various sensing transducers provided ample 
response measurements of the pier during large displacements.  A wireless sensing unit prototype was used 
to record the flexural deformation of the pier base using two LVDTs.  The third and forth sensing channels of 
the wireless sensing unit were used to record the hoop strain in the transverse reinforcement and the tilt of the 
loading block.  By incorporating three different sensing transducers using the four input channels of the 
wireless sensing unit, the versatility of the unit in simultaneously recording measurements from different 
sensors is illustrated.  The accuracy of the wireless sensing unit, when compared to the data recorded by the 
traditional data acquisition system, was equivalent to that expected of a commercial cable-based system.        
 
Using the data collected during quasi-static testing of the HPFRCC pier, a sensor scheme for wireless sensing 
units deployed in the field will be formulated in the next phase of the study.  Damage index models have 
previously been embedded in the computational core of wireless sensing units for automated damage 
assessment of HPFRCC structural elements; to utilize these computationally efficient damage detection 
algorithms, the instrumentation scheme formulated for the field will seek to optimize the accuracy of the 
damage index models [12].  During phase two of this two-part study, a second HPFRCC bridge pier will be 
constructed using a lower volume fraction of fibers to induce shear failure of the pier under large displacement 
reversals.  Multiple wireless sensing unit prototypes will be used as the sole data acquisition system during 
these tests with embedded damage index models locally executed by the units during testing. 
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