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ABSTRACT 
 
 High-performance fiber reinforced cementitious composites (HPFRCC) have the potential to 
provide civil structures with high ductility and damage tolerance.  Low-cost wireless sensing 
networks are another emerging area that can monitor civil structures for signs of deterioration 
and damage.  Developed in isolation of one another, these two promising technologies can be 
integrated to provide HPFRCC structural elements capabilities to accurately monitor their 
performance to highly demanding loading conditions such as those posed by seismic events.  In 
particular, the computational core of a wireless sensing unit can be harnessed to screen HPFRCC 
components for damage in real-time.  A seismic damage index initially proposed for flexural 
dominated reinforced concrete elements is modified to serve as an algorithmic tool that can 
rapidly assess the extent of damage in shear-dominated HPFRCC elements.  Embedded in the 
core of a wireless sensing unit prototype, the model is used to interrogate the deformation history 
of an HPFRCC coupling beam loaded cyclically in the laboratory.   
 
INTRODUCTION 
 
 Fiber reinforced cementitious composites (FRCC) have recently emerged as viable structural 
materials for the construction of civil structures.  FRCC materials are composed of short fibers 
(steel, polymer, or carbon) that are randomly dispersed within a cement matrix.  Under tension, 
traditional FRCC mixes experience strain softening after first cracking.  By engineering the 
interface between fibers and matrix, and properly selecting mix proportions and fiber content, 
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superior FRCC mechanical properties can be attained when compared to those of traditional 
cementitious materials including concrete (Li 2002).  A new class of FRCC, termed high-
performance FRCC (HPFRCC), has been designed to experience strain hardening when loaded 
in tension.  In addition to ductility, HPFRCC possess high levels of damage tolerance; after the 
initiation of strain hardening, fibers arrest large-scale cracks and alternatively dissipate energy 
through the formation of microcracks in the matrix.  The ductility and damage tolerance of 
HPFRCC materials render them well suited for use in structures designed to withstand strong 
seismic events.  To date, many laboratory studies have explored the use of HPFRCC in structural 
systems whose responses are strongly dominated by shear, including shear walls, beam-column 
connections, and coupling beams exposed to seismic loading (Parra-Montesinos 2003).  As the 
field of structural engineering progresses toward performance-based design procedures, it is 
imperative that the deformation behavior of HPFRCC be well understood to ensure design and 
evaluation models can be accurately calibrated.   
 Within the last ten years, the field of structural monitoring has been undergoing dramatic 
change.  Structural monitoring systems consist of sensors installed in a system to record 
structural responses to applied external loads.  The response data provided by monitoring 
systems can lead to improvements in structural design codes and deeper understanding of 
nonlinear response phenomenon.  Growth of the field of structural health monitoring has been 
fueled, in part, by an availability of structural response data provided by monitoring systems.  In 
the past, structural monitoring systems have been defined by the use of high-cost components 
such as force-balance accelerometers (FBA) and extensive coaxial wiring.  Traditional cable-
based structural monitoring systems have been cited to cost approximately $5,000 per sensor 
channel with systems consisting of 12 FBA channels resulting in a total cost of over $60,000 
(Celebi 2002).  Today, microelectromechanical system (MEMS) sensors, wireless 
communications and embedded microcontrollers are being adopted to deliver monitoring 
systems with greater functionality at substantially reduced costs.  In particular, the integration of 
wireless radios with sensors for the communication of sensor data has eliminated the need for 
installing expensive wires in a structure (Straser and Kiremidjian 1998).  Lynch (2002) has 
extended the wireless sensor paradigm by integrating miniaturized computing technologies with 
sensors to provide on-board resources for real-time interrogation of structural response 
measurements.  To validate the performance of a wireless structural monitoring system, low-cost 
wireless sensors have been installed on the Alamosa Canyon Bridge in New Mexico to monitor 
the behavior of the bridge during modal testing (Lynch et al. 2004).   
 As new civil engineering materials, like HPFRCC, are adopted for use in real structures, the 
long-term performance of components and structural systems constructed of these materials 
should be closely monitored to better understand their behavior under complex loading 
scenarios.  This study will explore the feasibility of combining HPFRCC structural components 
and wireless sensors to provide a comprehensive monitoring framework for tracking the behavior 
and performance of HPFRCC structural elements.  A wireless monitoring system is designed to 
record the deformation history of an HPFRCC coupling beam subassembly of a reinforced 
concrete (RC) wall system tested in the laboratory under reversed cyclic loading.  To assist in 
evaluating the damage tolerance of the shear-dominated structural member, a damage index 
model initially developed by Kratzig et al. (1989) for flexural concrete elements, is modified to 
track the progression of damage in HPFRCC members.  The damage index model is embedded 
in the core of the wireless sensing unit and is autonomously executed to provide real-time 
feedback on the system performance.   



 

  

 
SEISMIC TESTS OF HPFRCC COUPLING BEAMS 
 
 Structural walls are widely used in RC construction to provide seismic resistance. Due to 
architectural constraints, RC walls often feature rows of door and window openings that divide 
them into several slender walls connected by short elements referred to as coupling beams. 
During seismic events, coupling beams are expected to contribute significantly to the strength, 
stiffness, and energy dissipation of the system; thus, these structural members must be designed 
such as to ensure adequate deformation capacity when subjected to displacement reversals. 
Current design provisions for RC coupling beams (ACI 2002) require intricate reinforcement 
detailing for ensuring satisfactory seismic behavior, but, often at the cost of reinforcement 
congestion and construction difficulties. The use of HPFRCC materials was recently proposed by 
researchers at the University of Michigan (Canbolat et al. 2004) as a means to reduce the amount 
of transverse reinforcement required in RC coupling beams. In order to illustrate the 
implementation of the proposed real-time damage evaluation technique, an HPFRCC coupling 
beam specimen tested by Canbolat et al. (2004) is used as the structural member being 
monitored. 
 The seismic behavior of HPFRCC coupling beams was evaluated through large-scale 
laboratory tests. The specimens consisted of a precast HPFRCC coupling beam and two stiff RC 
blocks, simulating the coupled structural walls. Coupling beams, 600 x 600 x 150 mm (length, 
depth and width) were subjected to drift levels from 0.125% up to failure. A sketch of the 
reinforcement detailing in the HPFRCC coupling beam used for damage evaluation (Specimen 4 
in Canbolat et al.’s investigation) is shown in Figure 1a. The HPFRCC material contained 
twisted steel (torex) fibers (Naaman 1999) in a 1.5% volume fraction.  Figure 1b shows the shear 
force versus drift response for the HPFRCC coupling beam during cyclic testing, and  Figures 2a 
and b feature the cracking pattern of the beam at 2% and 4% drift, respectively.  As shown in 
Figure 1b, the coupling beam maintained its strength up to 3.0% and 4.0% drift for the positive 
and negative loading directions, respectively.  Shear strength decay was observed due to fiber 
pullout when the specimen was displaced to larger drifts. However, this strength decay was 
gradual as the stress in the diagonal bars increased due to strain hardening, partially 
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Figure 1.  (a) Reinforcing detail of HPFRCC coupling beam; (b) shear force-drift response



 

  

compensating for the strength loss caused by fiber pullout. With regard to damage, a dense array 
of microcracks developed in the coupling beam at early stages of the test. At 2.0% drift, damage 
could be considered minor, as shown in Figure 2a. At approximately 3.0% drift, damage 
localization due to fiber pullout began, leading to the opening of a major diagonal crack for each 
loading direction. During subsequent cycles, increasing inelastic deformation demands led to 
opening of these cracks, as shown in Figure 2b. It is worth mentioning that the HPFRCC material 
was effective in providing confinement to the diagonal bars, even after fiber pullout. Ultimately, 
the coupling beam failed during a final push to 8.0% drift due to fracture of the diagonal 
reinforcement. 
 
SEISMIC DAMAGE INDEX FOR HPFRCC ELEMENTS 
 
 During seismic loading of RC structures, structural elements are expected to dissipate a large 
portion of the structure’s seismic energy through inelastic deformations.  Depending upon the 
displacement demands imposed on the structure, damage in structural members may vary from 
minor to severe (severe implying the structure may not be safe for occupancy, too expensive to 
repair or could have even collapsed).  To track the progress of damage in seismically loaded RC 
structural members, many researchers have proposed damage models that correlate damage to 
structural response parameters such as deformations, internal forces and dissipated hysteretic 
energy (Park and Ang 1985, Wang and Shah 1987, Estava and Heredia-Zavoni 2001).  A 
byproduct of these studies has been the development of damage indexes that rate the damage on 
a scale between 0 and 1; an index in excess of 1 indicates failure of the RC element.  Kratzig et 
al. (1989) has proposed an accurate damage index model based solely on the energy dissipated 
by an RC structural element during cyclic loading.  Three features of the model are important to 
note: first, the model accounts for the applied load history by defining primary and follower half-
cycles.  A primary half-cycle (PHC) is noted as one whose energy dissipation is greater than that 
of any of the previous half-cycles.  If energy dissipated in a half-cycle is less than the maximum 
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Figure 2.  (a) Cracking pattern at 2.0% drift; (b) cracking pattern at 4.0% drift 



 

  

dissipated in any of the previous half-cycles, the cycle is accordingly denoted as a follower half-
cycle (FHC).  Second, the model accounts for potential unsymmetrical element responses by 
dividing the index in terms of the directionality of the structural response (positive versus 
negative).  The third feature of the Kratzig damage model is the use of the energy dissipated by 
the structural members when loaded monotonically as a normalizing factor of the model.  Finite-
element simulation and experimental results reported by Kratzig et al. (1989) attest to the 
accuracy of the model for RC flexural elements.  Mehanny and Deierlein (2001) have modified 
the Kratzig damage index model for application to composite steel-RC moment frames.  In their 
model, peak inelastic rotations during loading cycles of an RC-steel composite joint is 
considered in lieu of energy dissipation.  In a similar fashion, this study will explore 
modification of the damage index model originally proposed by Kratzig et al. (1989) to track 
damage and to rapidly evaluate the post-earthquake condition of HPFRCC structural elements.   
 A damage index model is sought that will be capable of unambiguously tracking the damage 
of HPFRCC structural elements.  The model must use response data that can be accurately 
measured in real civil structures.  Furthermore, the computational demands of the model should 
be kept reasonable to ensure that the wireless sensor platform installed in the structure will be 
able to execute the model within a reasonable time frame.  The most important modification of 
the original Kratzig et al. (1989) model is the use of member drift measures, δ,  as opposed to 
seismic energy dissipated.  Drift measures rectify the damage index model with the field of 
performance-based design that is shaping current and future design codes to evaluate structural 
performance as a function of drift responses.  With state-of-the-art monitoring systems capable 
of accurately measuring member and/or structural drifts using displacement transducers and 
arrays of accelerometers installed in a structure (Celebi et al. 2004), drift measures are easier to 
acquire in the field than dissipated energy.   
 To provide an accurate damage index model for HPFRCC components, two distinct modes of 
mechanical behavior in HPFRCC members must be captured.  When HPFRCC elements are 
dynamically loaded, a substantial percentage of dynamic energy is released through the 
formation of a high density of micro-scale cracks in the cementitious matrix.  These microcracks 
are sufficiently small that fibers included in the composite bridge the cracks and arrest their 
growth.  During this mode of mechanical behavior, HPFRCC components exhibit excellent 
ductility and durability.  At a certain level of strain, the strength of the fiber-matrix interface 
decays, resulting in the pullout of fibers and the formation of large cracks in the material.  After 
fiber pullout occurs, energy is primarily dissipated by inelastic deformation of the reinforcing 
steel and thus, the post-fiber pullout behavior of an HPFRCC element is similar to the behavior 
of an ordinary RC element.  To instill these two modes of behavior in a damage model for 
HPFRCC components, two separate indexes are proposed for each mode of behavior.      
 
Pre-Fiber Pullout Damage Index 
 The HPFRCC damage model calculates individual damage indexes for the positive and 
negative drift directions, D+ and D-, respectively.  Both indexes are symmetrical of one another 
and only differ in the peaks (positive versus negative) they consider for their calculation.  The 
positive index is defined as: 
 

( ) ( )
( ) ( )βα

βα

δδδ

δδ

∑
∑

+++

++
+

++

+
=

FHCutFiberPulloMonotonic

FHCPHCD  (1) 



 

  

 
Drift peaks are labeled as either primary half-cycle (PHC) peaks or as follower half-cycle (FHC) 
peaks, denoted as δ+

PHC  and δ+
FHC, respectively.   A PHC peak is defined as a peak drift greater 

than the peak drifts of any of the previous half-cycles.  However, if the current peak is smaller 
than that of a previous half-cycle, the peak is then noted to be an FHC peak.  To better illustrate 
the naming convention, a portion of the HPFRCC coupling beam drift time-history is used.  As 
shown in Figure 3, five consecutive drift peaks in the positive direction are numbered.  Half-
cycle peak “2” is larger than the previous half-cycle peak “1”; to calculate the damage index, D+, 
at peak “2”, the peak is a PHC peak and is used for the variable δ+

PHC.  Because peak “2” is the 
new PHC, peak “1” is now labeled as a follower half peak and added to the sum of FHC peak 
drifts.  Similarly, to calculate the damage index at peak  
”3”, peak “3” is larger than peak “2” and is used as the primary half-cycle drift, δ+

PHC , while 
peak “2” is added to the summation of FHC peaks.  At peak “4”, the peak drift is smaller than 
peak “3” and is immediately labeled as an FHC.  In calculating the damage index at this peak, 
peak “3” would remain as the PHC peak drift while peak ”4” is added to the summation of FHC 
peaks.   
 The numerator of the damage index is normalized by three terms.  Similar to the model 
proposed by Kratzig et al. (1989), the monotonic maximum drift capacity, δ+

Monotonic, and the 
sum of FHC peak drifts are normalizing terms for the damage model.  The peak drift at fiber 
pullout, δ+

FiberPullout, is used as the third normalizing term of the model.  The weighting terms, α, 
β, and γ, allow the damage model to be tuned to empirical data taken of HPFRCC elements 
tested in the laboratory.  At the completion of each full cycle, the positive and negative damage 
indexes are combined to form a single damage index:  
 

( ) ( )γ γγ −+ += DDD  (2) 
 
A damage index value of 1 or greater indicates failure of the HPFRCC component. 
  
Post-Fiber Pullout Damage Index 
 Once fiber pullout occurs in an HPFRCC element, its behavior is distinctly different from 
that prior to fiber pullout; as such, a different mechanistic damage model is warranted.  To be 
consistent with the previous damage index model, the index proposed in Equation (1) is modified 
by removing from the denominator the peak drift at which fiber pullout occurs, δ+

FiberPullout.  The 
positive damage index for the post-fiber pullout model is: 
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Figure 3.  Drift response of cyclically loaded HPFRCC coupling beam 
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The same tuning constants, α, β, and γ, of the pre-fiber pullout model are used in the post-fiber 
pullout model.  The combination of positive and negative damage indexes proposed by Equation 
(2) is also used for the post-fiber pullout model.   
 
DAMAGE INDEX EMBEDMENT IN A WIRELESS SENSING UNIT 
 
 The simplicity of the damage index model is well paired to the computational resources 
readily available on most wireless sensing platforms.  In this study, a prototype wireless sensing 
unit designed to monitor the health of civil structures is employed (Lynch 2002).  The wireless 
sensing unit includes a 16-bit analog-to-digital converter (ADC) for the collection of structural 
response data, 256 Kbytes of on-board memory for extensive data storage, a powerful 
computational core composed of microcontrollers, and a highly reliable spread-spectrum 
wireless radio for the transfer of data.  A key feature of the wireless sensing unit design is the 
computational core.  Included in the core is a powerful 32-bit Motorola PowerPC microcontroller 
that can accommodate the embedment of data interrogation tasks.  The damage index proposed 
for monitoring damage in HPFRCC elements is encoded in software and embedded in the 
PowerPC microcontroller.  Wireless sensing units could be installed with HPFRCC elements to 
record their cyclic response during seismic events and to determine the degree of damage in the 
element by autonomously executing the damage index model.  By providing an unambiguous 
measure of component damage in a structure, the overall global integrity of the structural system 
can be determined in real-time and reported to the appropriate building officials.  Others have 
proposed the coupling of damage index models with sensors.  For example, Mita and Takahira 
(2004) report the design of a radio frequency identification (RFID) wireless damage index sensor 
that determines the damage index based on the buckling of a thin wire.  In contrast, the approach 
proposed in this study is calculation of the damage index in software by an intelligent sensor.           
 Embedded firmware is written for the wireless sensing unit to allow it to autonomously 
execute the proposed damage index model.  As shown in Figure 4, once the cyclic drift response 
of an HPFRCC component is measured and recorded, the wireless sensing unit determines the 
positive and negative response peaks and labels them as PHC and FHC peaks.  Using the drift 
peaks that are smaller than the maximum drift before fiber pull-out, the positive and negative 
damage indexes are calculated using Equation (1).  Once a peak drift exceeds the fiber pullout 
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Figure 4.  (a) Prototype wireless sensing unit; (b) embedded firmware for calculation of the 
damage index 



 

  

drift, the post-fiber pullout damage index model of Equation (3) is employed.  The total damage 
index of the component is calculated for each peak by using Equation (2).         
 To illustrate the ability of wireless sensing units to report the damage index of HPFRCC 
elements, the drift time-history response of the HPFRCC coupling beam test is loaded into the 
wireless sensing unit memory.  The drift time-history response of the coupling beam was initially 
recorded by a standard cable-based laboratory data acquisition system.  Since the intention of the 
test is to ensure the accuracy of the damage index calculated by the PowerPC microcontroller, 
use of previously recorded response data is acceptable.  The damage model tuning parameters 
are loaded into the wireless sensing unit along with the drift time-history response.  Based upon 
empirical testing of HPFRCC coupling beams, the model constants are chosen to be α =0.9, β = 
3, and γ = 7.  The drift capacity of the coupling beam, δ+

Monotonic, is determined at the end of the 
reversed cycle testing of the beam by loading the beam monotonically until failure.  Based on the 
monotonic loading test, the drift capacity of the coupling beam is determined to be 7.5%.  In a 
similar fashion, the drift response of the coupling beam is recorded when fiber pullout occurs.  
Fiber pullout is identified by the formation of a large crack in the specimen during testing.  
Pullout is also observable in the load-drift curve of the coupling beam as the point where 
increasing drift peaks begin to correspond to lower levels of applied load (See Figure 2b).  In this 
test, fiber pullout is visually identified in the coupling beam at a peak drift of 2.9%.     
 Figure 5 shows the final damage index calculated by the wireless sensing unit.  The damage 
index is well behaved with the index exceeding 1 at the end of the final monotonic applied load.  
The change in the mechanical behavior due to fiber pullout, is observable by the dramatic jump 
in the damage index at test increment 4000.        
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Figure 5.  Coupling beam reversed cyclic test results: (top) drift time-history, and (bottom) 
total damage index calculated by the wireless sensing unit 



 

  

CONCLUSIONS 
  
 HPFRCC are a new class of civil engineering material that is highly ductile and damage 
tolerant.  Well behaved under reversed cyclic loading, the material appears to be a promising 
substitute for regular concrete in critical regions of seismic-resistant structures.  Understanding 
the mechanical behavior of HPFRCC has been gained through extensive reversed cycle testing of 
HPFRCC specimens in the laboratory.  As the field begins to adopt HPFRCC materials in 
realistic structures, an opportunity exists to monitor the performance of HPFRCC components 
and systems in the field.  This study proposes the integration of low-cost wireless sensors with 
HPFRCC structural members to monitor performance under real complex loadings, such as 
earthquake loads.  To provide rapid evaluation of the degree of damage sustained to an HPFRCC 
component, a damage index model originally proposed by Kratzig et al. (1989) is adapted for use 
with HPFRCC elements.  The damage index model proposed considers the drift response of 
HPFRCC components.  The model is encoded in the computational core of a wireless sensing 
unit for autonomous execution after a seismic event.  Using drift response data previously 
collected for an HPFRCC coupling beam specimen, the model is shown to be an accurate 
indicator of structural damage sustained by the coupling beam under reversed cycle loading.   
 Future research will focus upon improving the proposed damage index model.  In this study, 
the monotonic drift capacity and the fiber pullout drift were determined after the completion of 
the test.  Theoretical models are currently being explored to provide guidance for appropriate a 
priori selection of these model parameters.  A circular HPFRCC bridge pier specimen, currently 
under construction, will be used in future studies with wireless sensing units installed during 
testing.  The units will compute the damage index in real-time as the bridge pier specimen is 
cyclically loaded.   
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