
Spatial Imaging of Cracks in Fiber Reinforced Cementitious Composites by EIT 
Tsung-Chin Hou, Jerome P. Lynch 
 
Synopsis:  Cementitious materials are generally classified as semi-conductors that are capable of carrying electricity 
when an external electrical signal is applied.  The electrical properties of cementitious materials have been widely 
explored for monitoring their internal hydration processes.  However, comparatively less work has been done in 
using the inherent electrical properties of cementitious materials for structural health monitoring.  In this study, the 
electrical properties of a unique strain-hardening fiber reinforced cementitious composite termed Engineered 
Cementitious Composite (ECC) are utilized for monitoring the performance and health of ECC structural 
components.  Previous work has utilized two- and four-point probe techniques for measuring ECC bulk conductivity 
and illustrating the piezoresistive properties of the material.  This work introduces electrical impedance tomography 
(EIT) as a powerful sensing methodology that measures the spatial distribution of conductivity over large areas of 
ECC elements.  With a tomographic mapping of ECC conductivity, the distribution of strain fields and cracks in 
ECC elements can be observed in incredible visual detail.     
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INTRODUCTION 
 

Cementitious materials, such as reinforced concrete, are widely used in the design and construction of large 
civil structures including bridges, buildings, pipelines and dams.  Historically, research efforts have been focused 
upon the mechanical and rheological properties of cementitious materials, so as to render them stronger and easier to 
cast during construction.  While such properties are critical to ensuring both workability and strength, cementitious 
materials are brittle materials where load energy is primarily dissipated by cracking.   In the past three decades, new 
cementitious materials employing fibers for mechanical reinforcement have been proposed.  Generally classified as 
fiber reinforced cementitious composites (FRCC), a wide selection of FRCC materials have been introduced in the 
literature.  One particular group, termed high-performance FRCC (HPFRCC), are unique materials that exhibit strain 
hardening and extreme ductility under tension (Naaman 1987).  Strain hardening behavior can be attributed to the 
internal fibers bridging cracks early in their formation; by bridging the crack, the crack is arrested and the material 
attempts to crack elsewhere (Li 1993).  In HPFRCC elements, deformation energy is therefore dissipated through 
the formation of a large number of thin cracks with widths only micrometers in dimension.  As a result, HPFRCC 
materials are more durable than traditional reinforced concrete allowing them to be considered for adoption in the 
design of seismic resistant structures (Parra-Montesinos 2005).  As new civil engineering materials like HPFRCC 
are adopted in professional practice, it is important to monitor their long-term behavior under real loading scenarios 
observable only in the field.   

 
 
In order to provide engineers with quantitative data regarding the performance of HPFRCC structural 

elements, a variety of established sensor technologies can be used to measure element responses to load.  For 
example, metal foil strain gages can be used to measure strain while linear variable displacement transducers (LVDT) 
can be used to measure component deformation.  While such sensors have proven valuable over decades of use in 
the structural engineering profession, they do suffer from some drawbacks.  Principally, they are point sensors that 
measure component response at a given point on the structure.  They lack the ability to provide engineers with a 
complete depiction of strain or deformation over large spatial areas of the structure.    Moreover, these sensors do 
not directly measure damage; rather, the structural engineering community has developed damage index models in 
which damage states (i.e. cracking) are hypothesized in cementitious elements using local component responses as 
input (Park and Ang 1985; Kratzig et al. 1989).  While damage index models can give a rough measure of 
anticipated cracking in cyclically loaded components, they are only intended to serve as a rough estimation tool.  
They are not designed to pinpoint the precise location and geometric features of cracks.   

 
 
 This study will explore the electrical properties of cement-based materials as a method aimed towards 
measuring the distribution of strain and crack damage in structural elements.  Cementitious materials are considered 
semi-conductors since their bulk electrical resistivities range from 103 to 108 Ω cm.  Variation within this broad 
range is a function of the material’s composition, temperature, and moisture contents (Whiting and Nagi 2003).  
Unlike metallic conductors in which electrons are the primary charge carrier, electrical current in cementitious 
materials is carried by the flow of ions within the material’s pore solutions (Hansson and Hansson 1983).  The 
electrical properties of cementitious materials are important material properties often considered by engineers.  For 
example, the bulk resistivity of concrete is widely considered when investigating structural elements for corrosion 



durability (Millard et al. 1990).  From a sensing perspective, the electrical properties of FRCC materials have been 
explored for measuring strain since they are piezoresistive materials (Hou and Lynch 2005; Chung 2003).  
Specifically, upon application of tensile or compressive loading, cementitious materials will undergo a change in 
resistivity linearly proportional to strain.  Given the two functional objectives (namely, mechanical load capacity and 
self-sensing) within a single material platform, FRCC materials have been defined as “multifunctional” (Chung 
2003).      

 
 
The inherent benefit of leveraging the electrical properties of FRCC materials for sensing is their electro-

mechanical response is everywhere the material is.  Hence, there is potential to utilize the material as a fully 
distributed sensor in which strain and damage can be characterized over the spatial dimensions of a structural 
element.  Towards this end, electrical impedance tomography (EIT) is adopted to accurately measure the spatial 
distribution of electrical resistivity in FRCC materials using only electrical measurements taken at the boundary of 
the element (Holder 2005).  This paper will first review the existing body of work exploring the piezoresistive 
properties of cementitious materials.  Second, a conceptual overview of EIT and its use for distributed sensing in 
cementitious materials is presented in detail.   In addition to utilizing EIT to measure two-dimensional strain fields 
in FRCC elements, the approach is also shown capable of visually observing the evolution of crack damage.  For 
validation purposes, the accuracy of EIT distributed sensing is validated using a special HPFRCC material called 
Engineered Cementitious Composites (ECC) (Li et al. 2001). 
 
 

RESISTIVITY OF CEMENTITIOUS MATERIALS 
 

The electrical properties of cement-based materials, including concrete, have been studied by the 
engineering community for many decades.  With bulk resistivities ranging from 103 to 108 Ω cm, cements are 
generally classified as semi-conductive materials.  Their molecular structures are strongly correlated to their 
electrical properties; for this reason, electrical measurements are often used to indirectly assess the material’s 
internal structure.  As early as the 1920’s, engineers understood how resistivity changes during the curing and 
setting process of cementitious materials (Shimizu 1928).  Subsequently, the influence of environmental parameters 
(namely temperature and humidity) on bulk resistivity measurements were quantified in the 1930’s (Spencer 1937).  
To quantify the influence each phase of concrete (e.g. conductive cement versus fairly non-conductive aggregates) 
on concrete’s bulk resistivity, Hammond and Robson (1955) explored the impact variations in concrete composition 
has on resistivity.  In their systematic study, three different cement types (high-alumina, Portland, and rapid 
hardening Portland) were explored with water-to-cement ratios varied for each type.  A comprehensive review of the 
electrical properties of cementitious materials has recently been offered by Whiting and Nagi (2003). 

 
The electrical properties of materials can be accurately measured in the laboratory using one of many 

available methods; foremost amongst the methods are two- and four-point probing.   As shown in Figure 1(a), the 
two point probe method consists of two electrodes affixed to the surface of the cement specimen.  A regulated 
current source is used to apply a current, i, to the electrodes while a voltmeter is used to simultaneously measure the 
potential drop, V, across the specimen.  Generally, both the current source and voltmeter are contained within a 
single digital multimeter rendering the approach easy to apply.  The multimeter will measure the volumetric 
resistivity, R (R = V/i), as opposed to the material resistivity, ρ, which is a material property independent of 
specimen geometry.  Assuming the cross sectional area of the specimen is w by h and the electrodes are separated by 
a length of L, then the resistivity can be calculated: 
 

L
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The two-point probe method has been widely used for estimating the quality and composition of cementitious 
materials, as well as monitoring the piezoresistive properties of fiber reinforced cementitious materials.  Although 
the two-probe method is a quick approach for measuring bulk material resistivity (which is the inverse of 
conductivity, σ) of a conductive medium, the method suffers from some disadvantages.  First, when applying a DC 
current, polarization effects can manifest as a severe time-dependent increase in the measured resistivity.  Second, 
the approach is sensitive to contact impedance that exists between the electrodes and the medium surface; this can 



lead to inaccurate measure of the volumetric resistance and the associated resistivity.  Last, the approach inherently 
assumes homogeneity of the material’s electrical properties.  This results in an average resistivity measurement that 
ignores any inhomogeneity that may exist between the electrodes.   
 
 

To eliminate the contact impedance present in two-point probe measurements, four-point probing 
techniques have been proposed.  For example, as shown in Figure 1(b), the two-point probe method can be modified 
by separating the points of current injection and voltage measurement onto two different electrode pairs.  To avoid 
polarizing the cementitious material during probing, an AC current can be used in lieu of a DC current source.  
These improvements have been encapsulated in a widely used four-point probe technique called the Wenner 
technique (Wenner 1916; Millard 1991; Gowers and Millard 1999).  By placing four equally spaced (separated by 
the distance a) electrodes mounted on the surface of a cementitious element (as shown in Figure 2), resistivity can 
be calculated based on the application of AC current with amplitude i and measurement of the electric potential 
amplitude between the two inner electrodes, V: 
 

i
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The Wenner technique (particularly, Equation 2) assumes a semi-infinite geometry of the specimen.  As a result, 
some caution must be exercised when using this technique.  For example, the approach can not be applied near 
structural edges or in shallow elements.  In addition, the approach assumes a perfect electrical contact is made 
between the electrode and the material surface.  Therefore, the electrodes are typically attached to treated cement 
surfaces through the use of highly conductive pastes (e.g. silver colloidal paste).  In addition, the placement of the 
electrodes should avoid locations on the structural surface in which a non-conductive aggregate is present.  
Placement of an electrode over an aggregate can result in an overestimation of resistivity.  All of these restrictions 
allude to the fact that electrode placement is critical to ensure repeatable resistivity measurements can be made.  
None the less, by minimizing the influence of contact impedance, four-point probe techniques provide a more 
consistent approach to measuring electrical resistivity than two-point methods.  Another attraction of the Wenner 
technique is that by using a set of mobile probes, manual measurement of resistivity over a complete structural 
surface can be made.  After taking resistivity measurements at several locations, inhomogeneities in the cementitious 
element’s electrical properties could be assessed.   
 
 
 As a semi-conductor, cement-based materials allow electrical signals to propagate within them. The 
primary charge carriers in a cement matrix are free ions trapped within the pores.  In concrete, the electrical signal is 
primarily constrained to the cement matrix since aggregates are not very conductive.  In contrast, when considering 
electricity within FRCC materials, if conductive fibers (e.g. steel or carbon) are used, the electrical signal can flow 
in both the fiber and matrix.  The chemical interface between the matrix and fiber must be conductive to allow the 
transfer of current from the matrix to the fiber.  Recent work by Peled et al. (2001) reveals the conductive properties 
of the fiber-matrix interface to be AC frequency dependent.   Generally, high frequency AC signals must be applied 
to ensure the charged ions in the matrix have enough energy to surpass the fiber surface threshold and induce current 
flow in the conductive fiber.  If the FRCC specimen is uncracked as shown by Region A in Figure 3, then the 
electrical current flows through both the matrix and the fiber constituents.  However, there are two possible 
scenarios after a crack is introduced.  If the conductive fibers bridge the crack and a high AC signal is applied, then 
the electrical signal would still propagate across the crack by utilizing the fiber (Region B).  However, if the material 
cracks but no conductive fibers are bridging the crack, then the electrical signal does not propagate across the crack; 
rather, it will flow around the crack.  Should non-conductive fibers (e.g. polymeric) be used for reinforcement of the 
FRCC matrix, then electric current would travel only through the cement matrix; that is, Region B would no longer 
be conductive.   
 
 

ELECTRICAL IMPEDANCE TOMOGRAPHY 
 

Electrical impedance tomography (EIT) is a signal processing methodology that determines the distribution 
of resistivity of a body based on electrical measurements taken at the body boundaries.  EIT has been successfully 



applied in many fields including medical imaging (e.g. to detect cancerous growth in tissue) and geophysics (e.g. 
locate buried oil and gas deposits) (Zhdanov 1994; Holder 2005).  Provided the success of applying EIT to these 
fields, it is considered for use in calculating the bulk resistivity of FRCC materials.  Similar to the aforementioned 
probe methods, the EIT procedure begins by injecting a regulated current into an FRCC structural element at two 
probe points on the element boundary.  The corresponding electrical potential developed in the element will then be 
measured using other probes also located on the element boundary.  Using the input-output electrical measurements, 
EIT offers an algorithmic framework in which the distribution of body resistivity can be solved.  Given the 
piezoresistive nature of cementitious materials, strain induced in structural elements can be determined using the 
measured resistivity.  Furthermore, cracks that form in FRCC elements using non-conductive fibers could also be 
identified since a crack will appear as an increase in resistivity (e.g., an open crack has a near infinite resistance due 
to the absence of a continuous path across which electrical currents can flow).  For FRCC materials using 
conductive fibers (e.g. steel or carbon), the change in conductivity at cracks might be less dramatic because fibers 
bridging the crack would offer pathways for current to flow.  However, because of the AC-dependency of current 
transfer across the fiber-matrix interface, cracks might still be detectable using EIT if an appropriate AC frequency 
is utilized.      
 
 

As shown in Figure 4, a dense electrode array is installed along the boundary of an FRCC structural 
element.    Typically, the electrodes are spaced in equal increments along the boundary, although this is not a strict 
requirement of the EIT method.  After the electrodes have been placed, one electrode pair is excited with a regulated 
electrical current; the current enters the body at one electrode and exits at the other.  Due to the injection of an 
electrical current, the current will flow through the body; a direct result of the flow of current is the development of 
electrical potentials that can be measured along the body boundary at all electrode pairs excluding the ones used to 
inject the current.  The relationship relating the measured boundary voltages to the input current are governed by the 
electro-dynamic Laplace equation (Selvadurai 2000).  In two dimensions, the Laplace equation is: 
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where σ is the conductivity at location (x,y) and  is the electrical potential.  Conductivity is simply the inverse of 
resistivity:  
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The two-dimensional Laplace equation is highly nonlinear which makes closed form solutions difficult to find.  
Only for simple cases, such as bodies of constant conductivity, are analytical solutions possible.  Therefore, a finite 
element method (FEM) approach to modeling the Laplace equation are necessary to predict boundary potentials, , 
for a known current, i, and conductivity distribution, σ(x,y) (Silvester and Ferrari 1983; Vauhkonen 1997).  This 
approach is often termed the EIT forward problem; a more complete formulation of the FEM solution to the forward 
problem can be found in (Silvester and Ferrari 1983).  To account for prediction errors in the FEM model due to 
trapped current in highly conductive electrodes and electrochemical reactions that result in impedance layers 
between the electrode and body, the complete electrode model (CEM) which accounts for discrete boundary 
elements, shunting, and contact impedance is used in the FEM solutions presented herein (Somersalo et al. 1992).           
 
 

EIT is essentially the inverse problem; for a set of measured boundary potentials to a known current 
excitation, the internal conductivity of the body is sought.  The computational approach to solving the inverse 
problem is to update the assumed conductivity of the body (as represented by the conductivity of each element in the 
FEM mesh) until the FEM-predicted boundary potentials, , converge to the measured electrical potentials, v.  A 
number of approaches have been proposed in the literature for updating the assumed conductivity between 
successive forward FEM model runs.  In this study, the Gauss-Newton algorithm is utilized to minimize the least 
mean square error between the predicted and measured boundary potentials (Polydorides and Lionheart 2002): 
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The resolution of the final reconstructed conductivity map (i.e., the graphical depiction of the meshed 
element conductivities) is controlled by the number of electrodes installed along the element boundary.  High 
resolution conductivity maps can be achieved when a dense electrode array is mounted to the element boundary.  
However, using more electrodes does not necessarily guarantee the accuracy of the reconstruction.  To improve the 
accuracy of the EIT inverse solution, a highly redundant set of boundary measurements should be made.  To 
produce an over-determined set of measurement data, the adjacent electrode approach is taken in this study (Barber 
1989).  In the adjacent electrode approach, electrical potential measurements are made at the body boundary for 
every permissible pair of adjacent electrodes to which current can be applied.   Therefore, for an object with N 
electrodes, the total number of independent electrical measurements that can be made is N(N-1)/2.  In solving the 
inverse problem, this means the maximum number of elements in the FEM solution must be equal or less than the 
number of independent measurements.   
 
 

EXPERIMENTAL DETAILS 
 
This study will apply two-dimensional EIT to image strain and crack damage on a series of Engineered 

Cementitious Composite (ECC) structural elements.  ECC is a special form of HPFRCC that employs a polymeric 
(polyvinyl alcohol (PVA)) fiber whose surface has been treated to attain a mechanically-tuned fiber-matrix interface.  
ECC employs PVA fibers in low volume fractions, typically less than 2%.  Based on tailoring the mechanical 
properties of ECC at the micron scale, an ultra-ductile material that exhibits tensile strain hardening is produced.  
Unlike conventional concrete materials, energy dissipation in ECC during strain hardening is based on the formation 
of multiple micron wide cracks as opposed to localization in a few large cracks.  As a ductile material, the ultimate 
tensile failure in ECC typically occurs well beyond 2% strain (Li et al. 2001).  Due to the absence of aggregates in 
the ECC composite structure, the material is homogenous with respect to its electrical properties.  Previous work has 
revealed the near linear change in electrical volumetric resistance when mechanically loaded in tension and 
compression (Hou and Lynch 2005).  Because ECC is electrically homogenous, the EIT approach will serve as a 
powerful approach for detecting the formation of crack damage in ECC structural specimens.  The combination of 
EIT sensing and ECC results in a true multifunctional material that is potentially useful in smart civil structures 
where sensing and damage detection capabilities are automated.      

 
 
The experimental plan executed in this study is divided into three parts.  First, testing is conducted to 

illustrate the ability of the EIT conductivity map to detect simple crack patterns typical in tension loaded ECC 
specimens.  For example, both fields of micron wide cracks and localization of major cracks will be identified.  ECC 
plates roughly 7.6 cm (3 in) by 30.5 cm (12 in) by 1.3 cm (0.5 in) in dimensions with PVA fibers of a 1.5% 
volumetric ratio are cast for testing.  Prior to loading, a total of 32 copper electrodes are attached to the specimen 
boundary using silver colloidal paste; 12 electrodes are equally spaced along each of the long sides of the plate while 
4 are equally spaced on each of the short sides.  Prior to loading, a set of EIT measurements are taken to obtain the 
unloaded two-dimensional conductivity distribution of the plate.  Next, the plates are loaded in a uniaxial load frame 
and subjected to monotonic tension.  During testing, application of the mechanical load is paused so that an EIT 
conductivity map of the loaded specimen can be obtained.  The resulting EIT conductivity maps are then subtracted 
from the baseline unloaded conductivity map so as to eliminate any initial inhomogeneity in the plates; this allows 
the loaded plate conductivity to reveal the change in conductivity (resistivity) associated with strain and cracking.  If 
the same environmental conditions are assumed for the loaded and baseline plates, then the subtraction of the EIT 
conductivity maps also removes any environmentally (e.g. humidity, temperature) induced changes in the plate 
conductivity.  This ensures that changes in plate conductivity are attributable to the piezoresistivity of ECC and the 
formation of cracks.  Should environmental parameters like humidity vary between the collection of the baseline and 
current EIT conductivity maps, then estimation of strain based on the piezoresistive properties of the material is 
more challenging; however, cracks would still be identified because conductivity changes due to cracking are 
significantly greater than those associated with environmental parameters.        

  



 
 

The second set of experiments is aimed to present the sensitivity of changes in bulk ECC conductivity as a 
function of the state of the crack (i.e. open versus closed).  Unlike the first test set, the second set is cyclically loaded 
after micron wide cracks have been introduced during tensile strain hardening.  Existing and new crack damages are 
both illustrated in the conductivity maps during repeated compression-tension load cycles; however, the sequence of 
damage evolution is identified by observing changes in the specimen conductivity map.  Again, the specimens tested 
are ECC plates constructed using PVA fibers in a 1.5% volume fraction.  The specimen geometry (7.6 cm by 30.5 
cm by 1.3cm (3 in by 12 in by 0.5 in)) and electrode layout (32 in total) remain the same as the first set of tests. 

 
 
The last experimental test to be conducted is on a larger structural specimen, namely an un-reinforced ECC 

beam.  An ECC beam, measuring 12.7 by 25.4 cm2 (5 by 10 in2) in cross-sectional area and 152.4 cm (60 in) long, is 
instrumented with 32 copper electrodes on the bottom face of the beam.  The electrodes are placed over a 
rectangular area measuring 38.1 cm (15 in) by 12.7 cm (5 in) within the center of the beam’s lower face.  The beam 
is loaded in 3-point bending to induce maximum moment in the center of the beam; the applied force and induced 
mid-span displacement are measured during bending.  Tension developed in the lower face of the beam is observed 
by EIT.  Similar to the first set of plate specimens, the ECC beam is loaded monotonically while EIT conductivity 
mapping is performed at several stages over the loading profile.   
 
 

In all three experimental tests, the adjacent electrode approach is used for boundary potential measurement.  
To apply current into the structural specimen, a regulated current source (Keithley 6221) is used to apply an AC 
signal whose amplitude and frequency is varied from 2.4 to 4.7μA and 70 to 200 kHz, respectively.  After an AC 
current is applied on two adjacent electrodes, voltages developed on the remaining set of boundary electrodes are 
measured using a standard voltage-based data acquisition system (National Instruments DAQ).  In summary, Figure 
5 illustrates the experimental set-up of each set of tests. 
 
 

RESULTS AND DISCUSSIONS 
 

Three ECC plates, denoted as specimens 1A, 1B and 1C, are loaded monotonically in uniaxial tension until 
failure (damage localization).  During loading, their stress-strain responses are recorded (Figure 6).  As can be seen 
in Figure 6, all three specimens undergo strain hardening after reaching 0.45% strain.  At the initiation of strain 
hardening (point B), the test is paused and an EIT conductivity map is experimentally obtained.  Then, the 
specimens are loaded in tension to 1.4% strain (point C) when the test is paused and EIT conducted.   At 2.5% axial 
strain, the three specimens begin to undergo strain softening until ultimate failure is achieved at approximately 3.5%.  
At both 2.5% (point D) and 3.5% (point E) strain, a conductivity map is obtained by EIT.   Presented in Figures 7, 8 
and 9 are conductivity maps obtained from specimen 1A, 1B and 1C, respectively.  Because the absolute 
conductivity maps obtained at points B, C, D and E are subtracted from the baseline (unloaded) conductivity map at 
point A, the maps presented in Figures 7, 8 and 9 depict how conductivity changes in the ECC plate due to the 
applied load.   

 
 
The conductivity maps for the monotonically loaded ECC plate specimens reflect the piezoresistive nature 

of ECC with bulk conductivity reducing in tandem with applied tensile strain.  Similarly, the conductivity maps 
possess sufficient resolution to capture the formation of dense micron wide crack fields within the ECC plate.  For 
example, consider ECC plate specimen 1A.  At the initiation of strain hardening, we can observe in the conductivity 
maps a thin band of concentrated conductivity change in the center of the element (Figure 7a).  As the plate is 
continuously loaded, we can observe that band to “spread” to occupy a significant area at the center of the ECC plate 
(Figure 7b).  This region of reduced conductivity (roughly a reduction of 100 nS/cm) can be attributed to the 
development of micro-cracks forming in the plate center under tension.  The field of micro-cracking continues to 
grow until damage localization (millimeter wide cracking) occurs towards the left end of specimen (Figure 7c).  
Finally, at the point of failure of the specimen, two large cracks including their crack geometries can be observed in 
the conductivity maps derived by EIT (Figure 7d).  In this case, the millimeter wide cracks result in a change in 
conductivity of roughly 500 nS/cm.  Similar results are witnessed for specimens 1B and 1C (Figure 8 and 9, 



respectively).  In general, conductivity reductions can be correlated with the size of the crack with greater reductions 
suggesting larger cracks (both depth and width).  The resolution of the conductivity maps can be improved if more 
electrodes are applied to the specimen boundary; improvements in the conductivity map resolution would offer 
opportunities to better quantify crack properties.       
 
 

To characterize the piezoresistive properties of ECC materials, the spatial conductivity maps of each plate 
are averaged over the full plate area to obtain an average conductivity value.  Figure 10 plots the change in 
conductivity as a function of strain for each ECC specimen tested.  When the monotonically plates are in their 
elastic or strain hardening phases, their change in conductivity due to strain is nearly linear.  It is not until damage 
localization occurs (point D) that the reductions in conductivity occurs at faster than a linear rate.  These results are 
in agreement with those obtained previously by two-point probing of ECC plate specimens [10]. 

 
 
An ECC plate specimen identical to the first three is loaded cyclically in uniaxial tension and compression.  

Again, the distribution of specimen conductivity is mapped at multiple points along the cyclic loading profile.    As 
can be observed in Figure 11, the specimen is first loaded in tension until a tensile strain of 0.32%.  At this point 
(point B), a narrow field of microcracking can be observed towards the left end of the specimen.  As the specimen is 
loaded to a compression strain of 0.5% (point C), this narrow crack field, while still evident, is less pronounced in 
the conductivity map.  Even though the cracks introduced in tension have closed, they likely do not close perfectly 
leading to some reduction in conductivity.  When the specimen is reloaded in tension to 1% strain (point D), the 
microcracks from point B reopen while additional microcracks form resulting in a larger field of microcracking at 
the left of the specimen.  As the ECC specimen is loaded in tension to 1.3% strain (point E), a second field of 
microcracking emerges near the center of the specimen.  Thereafter, the specimen is loaded to 1% strain in 
compression (point G).  Again, the microcracks present in the specimen can still be observed in the EIT conductivity 
maps even though they have closed.  This is likely due to inexact closure and crushing at the crack surface.  After 
achieving a peak compressive strain of 1%, the specimen is loaded in tension till failure which occurs at 2.8% strain.  
When loaded in tension, the microcracking field in the center of the specimen continues to grow until a large 
millimeter wide crack is introduced on the right side of the specimen at 2.8% tensile strain.  The location and 
geometry of the crack is evident from the EIT conductivity map obtained at point J.   

 
 
In the last set of experiments, an ECC beam is loaded in three point bending while EIT conductivity maps 

of the lower face of the beam are taken at four points along the monotonically applied load.  Figure 12 shows all the 
mapping points and the associated conductivity map taken at each of them.  The localization of damage to a single 
crack at the center of the bottom beam face is well captured by the EIT sensing technique.  In fact, stress 
concentrations before the crack could visually be seen (point B) are observable in the EIT conductivity maps.  It is 
not until point C is achieved before the crack can be seen.  This result strongly suggests the possibility of using EIT 
in predicting the location of crack damage prior to a crack being visually apparent.   
 
 

CONCLUSIONS 
 

The electrical properties of cementitious materials have been under study since the early twentieth century.  
Early work explored how these electrical properties changed as cementitious materials hardened.  In contrast to 
these earlier studies, this work considers the use of electrical properties of cementitious materials for sensing and 
damage detection purposes.  While two- and four-point probe techniques are expedient methods for measuring 
conductivity, they average the electrical properties over the distance between their probes and lose spatial resolution 
necessary for observing crack damage.  To offer a means of measuring the electrical conductivity of cementitious 
structural elements over multiple dimensions, electrical impedance tomography (EIT) has been adopted.  Based on 
boundary voltage measurements taken during the application of regulated current signals, the internal conductivity 
map of the structural element can be found.    

In this study, unsaturated ECC structural elements using non-conductive polymeric fibers for reinforcement 
are selected because of the homogeneity of the material’s electrical properties.   Furthermore, because polymeric 
fibers are non-conducting, the formation of cracks within ECC elements will induce dramatic changes in the 
conductivity maps.   Under monotonic and cyclic loading, multiple ECC elements have been tested with EIT 



conductivity maps revealing the linear piezoelectric nature of the material.  Efforts were made to maintain a constant 
environment (temperature and humidity) during testing to ensure conductivity changes were attributable to the 
piezoresistive material.  In addition, micron wide crack fields can be observed while the geometric configuration of 
large millimeter cracks can be observed in the conductivity maps.  This proof-of-concept study was successful in 
illustrating the promise of EIT sensing for structural health monitoring of ECC structural elements.   

Future work will be focused upon EIT sensing of FRCC structural elements using conductive fibers.  In 
particular, the impact of conductive fibers on the detection of crack damage in FRCC elements will be studied in 
detail.  In addition, quantification of the sensitivity of bulk conductivity of cementitious materials on temperature 
and humidity is warranted so that environmentally induced conductivity changes could be separated from those 
induced by strain and damage.    
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Figure 1:  Probe resistivity measurements: (a) two-probe, and (b) four-probe approaches. 
 
Figure 2:  Surface contact four-point probe resistivity measurement method termed the Wenner technique. 
 
Figure 3: Propagation of electrical current in FRCC elements for both un-cracked (Region A) and cracked 
(Regions B and C) states. 
 
Figure 4: Application of electrical impedance tomography to determine the internal resistivity of cementitious 
structural elements. 
 
Figure 5: Experimental setup for EIT imaging of strain and crack damage in ECC structural elements: (a) 
ECC plates loaded in uniaxial tension (monotonically and cyclically); (b) ECC beam under 3-point bending. 
 
Figure 6: Stress-strain curves for three ECC plate specimens (specimens A, B, and C) loaded to failure under 
monotonic axial tension.  Test is paused at the initiation of strain hardening (point B) , along the strain 
hardening response (points C and D) and at point of damage localization (point E). 
 
Figure 7:  ECC Specimen 1A loaded in monotonic tension.  EIT minus baseline conductivity map for the plate 
at: (a) Point B; (b) Point C; (c) Point D; (d) Point E; (e) photograph of final damaged plate (red denotes 
localization of cracking). 
 
Figure 8:  ECC Specimen 1B loaded in monotonic tension.  EIT minus baseline conductivity map for the plate 
at: (a) Point B; (b) Point C; (c) Point D; (d) Point E; (e) photograph of final damaged plate (red denotes 
localization of cracking). 
 
Figure 9:  ECC Specimen 1C loaded in monotonic tension.  EIT minus baseline conductivity map for the plate 
at: (a) Point B; (b) Point C; (c) Point D; (d) Point E; (e) photograph of final damaged plate (red denotes 
localization of cracking). 
 
Figure 10:  Change in conductivity as a function of strain for three monotonically loaded ECC plate 
specimens. 
 
Figure 11:  Cyclically loaded ECC plate specimen in uniaxial tension and compression.  Change in 
conductivity of the ECC plate as calculated by EIT at Points B through J. 
 
Figure 12: (a) Force-displacement curve of an ECC beam loaded in three-point bending. EIT derived 
absolute conductivity of the lower flexural face of the beam at: (b) point A; (c) point B; (d) point C; (e) point 
D. 
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Figure 1:  Probe resistivity measurements: (a) two-probe, and (b) four-probe approaches. 

 
 



 

 
Figure 2:  Surface contact four-point probe resistivity measurement method termed the Wenner technique. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure 3: Propagation of electrical current in FRCC elements for both un-cracked (Region A) and cracked (Regions 

B and C) states. 
 

 



 

 
 

Figure 4: Application of electrical impedance tomography to determine the internal resistivity of cementitious 
structural elements. 
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Figure 5: Experimental setup for EIT imaging of strain and crack damage in ECC structural elements: (a) ECC 
plates loaded in uniaxial tension (monotonically and cyclically); (b) ECC beam under 3-point bending. 
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Figure 6: Stress-strain curves for three ECC plate specimens (specimens A, B, and C) loaded to failure under 
monotonic axial tension.  Test is paused at the initiation of strain hardening (point B) , along the strain hardening 

response (points C and D) and at point of damage localization (point E). 
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Figure 7:  ECC Specimen 1A loaded in monotonic tension.  EIT minus baseline conductivity map for the plate at: (a) 

Point B; (b) Point C; (c) Point D; (d) Point E; (e) photograph of final damaged plate (red denotes localization of 
cracking). 
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Figure 8:  ECC Specimen 1B loaded in monotonic tension.  EIT minus baseline conductivity map for the plate at: (a) 

Point B; (b) Point C; (c) Point D; (d) Point E; (e) photograph of final damaged plate (red denotes localization of 
cracking).



 
Change in Conductivity (nS/cm) 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 
Figure 9:  ECC Specimen 1C loaded in monotonic tension.  EIT minus baseline conductivity map for the plate at: (a) 

Point B; (b) Point C; (c) Point D; (d) Point E; (e) photograph of final damaged plate (red denotes localization of 
cracking).
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Figure 10:  Change in conductivity as a function of strain for three monotonically loaded ECC plate specimens. 
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Figure 11:  Cyclically loaded ECC plate specimen in uniaxial tension and compression.  Change in conductivity of 

the ECC plate as calculated by EIT at Points B through J. 
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Figure 12: (a) Force-displacement curve of an ECC beam loaded in three-point bending. EIT derived absolute 

conductivity of the lower flexural face of the beam at: (b) point A; (c) point B; (d) point C; (e) point D. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


