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Abstract

The deterioration and aging of the infrastructure in the U.S. have become a crucial 

issue, especially for highway bridges and nuclear power plants. The reliability and safety 

of existing structures are affected by growing populations and limited resources. This issue 

has gained significant concern during the last two decades and efforts are being conducted 

to accelerate the improvement of nondestructive testing (NDT) and structural health 

monitoring (SHM) methods. Additional information regarding the condition of existing 

structures and the early detection of damage can aid in reducing overall maintenance costs. 

The studies presented in this dissertation employ acoustic emission (AE) as a non-

destructive evaluation technique, leveraging its extreme sensitivity to mechanical waves 

generated by damage and progressive deterioration mechanisms within these structures. 

The objective of the research is to characterize damage conditions of existing structures 

using a stress wave-based approach including two cases of study: a) detect and identify the 

extent of microcrack initiation and progression occurring due to different compressive 

loading levels applied on small scale cement paste specimens using acoustic emission, and 

b) monitor and evaluate damage growth in a prestressed concrete girder bridge with shear 

cracks under truck loading and varying load positions. Three studies were performed in an 

effort to achieve the objectives and are presented in a series of journal articles as chapters 

in this dissertation. The first and second studies present a two-part paper which discusses 

damage mechanisms in cement paste under compression loading based on AE (Part I) and 

fracture mechanics (Part II). In this study, cement paste specimens having dimension of
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38.1 mm x 38.1 mm x 152.4 mm (1.5 in. x 1.5 in. x 6 in.) were cast using Portland cement 

Type I/II and a water to cement ratio of 0.5, which was then cured for 28 days in lime 

water. Part I presents and discusses the results from compression tests while monitoring 

with AE. Active crack growth was detected and classified using amplitude and cumulative 

signal strength (CSS), and unsupervised pattern recognition was utilized to separate AE 

data into clusters. Then the source of AE data was verified using micro-CT scanning.  

Part II included a three-point bending test conducted on 38.1 mm × 38.1 mm × 

152.4 mm (1.5 in. × 1.5 in. × 6 in.) cement paste specimens to measure the fracture 

toughness property. Also, the compression test of the cement paste prism was simulated 

using the Abaqus finite element program to determine the stress intensity factor (SIF) along 

a predefined crack tip at different levels of loading. The SIF is to be compared with the 

fracture toughness to define the limit at which a crack grows in an unstable manner. The 

results of this study show that under the conditions of unstable crack extension (defined in 

Part I by the AE method), the calculated SIF reached the fracture toughness of cement 

paste. This verifies the defined damage mechanisms described in part I.  

In the third study, acoustic emission (AE) data was investigated to better understand 

damage conditions in a three-span prestressed concrete girder bridge during a load test. 

The innovation lies in classification of crack extensions (stable or unstable) during the 

loading and holding processes. The gap in current literature addressed is a paucity of data 

and findings on bridges in operation and having inclined cracks. This study addresses the 

collection and processing of AE signals recorded by piezoelectric sensors attached on two 

interior girders toward the obtuse corner of an exterior span of the bridge while under 

loading. Results showed signs of crack propagation beyond the existing cracks. Damage 
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classification procedures based on AE data recorded during one loading and holding step 

provided an indication of diminishing crack extensions as the load hold was continued in 

one girder. Concurrently, signs of unstable crack propagation were shown in the other 

girder. The use of previously developed AE analysis methods to evaluate the condition of 

each girder is discussed. Finally, shear strength analysis using modified compression field 

theory (MCFT) was performed to place the results in context.  

The outcomes of the studies described in this dissertation demonstrate the potential 

of using AE as a feasible technique for condition assessment and structural health 

monitoring through two main points including: a) stress wave-based data acquisition can 

be used to inform the microscale damage compression model as it relates to the degradation 

of cement paste, and b) a stress wave based approach may be used to define the level of 

shear damage in prestressed bridge girders due to applied loading.
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1.1 Background 

The deterioration of concrete structures is a crucial issue, especially for highway 

bridges and nuclear power plants. The quality of life, economic prosperity, and 

development of communities are all affected by the condition of the local infrastructure. 

Growing populations and limited resources may influence the reliability and safety of 

existing structures. Common forms of deterioration, such as cracking in concrete materials 

are caused by the heterogeneous nature of concrete, its low tensile strength, and severe 

environments. The condition of the infrastructure can be addressed through the 

enhancement of resilience and sustainability for new construction and employing active 

structural health monitoring and maintenance strategies for existing structures.  

The 2017 American Society of Civil Engineers (ASCE) Infrastructure Report Card 

shows that some incremental progress toward restoring the nation’s infrastructure has been 

made. However, more must be done to raise America’s cumulative GPA, which was rated 

D+ as of 2013. Grades of C+ and D were assigned to the conditions of bridges and energy 

structures in US respectively. Thus, there is a growing need for reliable monitoring 

techniques with which to assess the state of existing structures. Such assessments may also 

aid in reducing the overall maintenance costs since postponing maintenance may increase 

the cost of repairs and ultimately require replacement of the damaged structure. 

Structural health monitoring (SHM) is the process of detecting damage and tracking 

the condition of a structure over time. In the case of infrastructures, damage is defined as a 

change to the material and/or geometric properties of a structure which adversely affect the 

structure’s performance [1]. The SHM process involves monitoring a structural system 

using an array of sensors to collect data periodically, the extraction of damage-sensitive 
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features from this data, and the statistical analysis of these features to determine the current 

health of the structural system. Depending on the objective of the SHM system and the 

information of interest, the decision of choosing a local or global monitoring approach is 

made. For example, global monitoring provides information about the behavior of the 

structure as a whole, and local monitoring affords information about behavior at critical 

locations in the structure [2]. Long term SHM provides a historical database regarding the 

ability of the structure to perform its planned function considering imperative aging and 

degradation resulting from operational environments or extreme events. Through the 

system an owner is able to keep abreast of issues such as when certain parameters have 

reached their preset threshold. Where damages to structures are concerned, there are stages 

of increasing difficulty that require the knowledge of previous stages. These include 

detecting and locating the presence of damage to a structure as well as identifying the types 

of damage and quantifying the severity of the damage. Once this information is collected, 

signal processing and statistical classification must be performed to translate the sensor 

data into damage information for assessment.  

Several factors may affect the selection of the most appropriate response 

measurements including the type of structure, inspection data related to the structure’s 

existing condition, cost, availability, ease of installation, accuracy, and resources for data 

interpretation. Recent advances in technology provide several different solutions for 

monitoring and assessing the condition of a structure’s system. Among those solutions is 

non-destructive testing (NDT), which uses a passive technique. NDE techniques have been 

performed in many industries to evaluate the properties of a material, component, or system 

without impairing its future usefulness or causing damage [3]. Acoustic Emission (AE) 
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technique, used in this study, is one example of a passive NDT technique defined by ASTM 

E1316 as “transient elastic waves generated by a rapid release of energy from localized 

sources within a material” [4]. AE monitoring has the potential to detect and quantify 

internal damage progression at the microscale level, making it useful for the detection and 

quantification of damage growth in real time. The high sensitivity of AE sensors makes 

them capable of detecting cracks long before they are visible. Moreover, this method 

provides the capability to effectively monitor the internal condition of a structure under 

increasing loads and can potentially assist in establishing safe load limits [5, 6]. One 

common challenge associated with AE monitoring and assessment is the proper 

interpretation of damage (e.g., crack growth events) and distinction from other sources, 

such as reflections from boundaries, in the data.  

1.1.1 Applications of AE in monitoring of nuclear facilities 

The treatment and conditioning processes of nuclear waste before disposal are used 

to convert radioactive waste materials into forms that are suitable for transportation, 

storage, and final disposal. One of the conditioning processes is cementation (using 

specially formulated grouts) which provides a means to immobilize radioactive material 

[7]. Since microcracks in the cement-based materials allow for enhanced leaching and 

transport of nuclear waste materials, it is important to develop a methodology for detecting 

and classifying micro and macro cracks as well as understanding where the cracks initiate 

and in which direction they expand. This will support and enhance the long-term 

assessments of concrete and reinforced concrete structures used in nuclear facilities.  

Degradation of reinforced concrete structures used in the construction of nuclear 

reactor buildings, spent fuel pools, and related nuclear facilities have been reported over 
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time [8, 9]. The possible damage mechanisms that adversely affect durability include 

thermal cracking, corrosion of steel reinforcement, alkali-silica reaction, freeze-thaw 

cycling, creep and shrinkage and sulfate attack.  

Reliable online monitoring of such damage can provide valuable information 

related to the current state of a structure which is useful to decide whether facility 

maintenance or shutdown the building is required. For nuclear facilities monitoring, special 

attentions should be considered due to the safety and relatively long half-life of nuclear 

waste products [8].  

Two main studies have been conducted at the University of South Carolina to 

explore the feasibility of using AE for the detection and evaluation of damage related to 

cracking and material degradation in nuclear facilities including 1) Remote monitoring and 

evaluation of damage at a decommissioned nuclear facility using acoustic emission [8], 

and 2) Nondestructive evaluation: investigation of acoustic emission technologies for 

monitoring inaccessible regions of dry fuel storage systems [10]. Based on the outcomes 

of these studies and the work done on the cement paste prisms [11] during this research, 

the following recommendations should be considered when monitoring nuclear facilities 

with AE.  

• Conducting a site visit to investigate the condition of a structure visually and to get 

better idea what to do in the next step.  

• Choosing monitoring techniques beside AE such as strain measurement to support 

AE interpretation if possible.   
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• Using wireless system with solar power paired with cellular connections for the 

remote monitoring, makes employing AE method suitable for long-term monitoring 

efforts.  

• Protecting the electrical components from environmental conditions is required 

especially in humid environments.  

• Selecting various AE sensors should be performed to determine which resonant 

frequencies provide the highest amplitude response, using various artificial sources 

to simulate cracking activities such as pencil lead breaks.   

• Sensors locations are chosen such that both undamaged (control) and damaged 

areas are covered.  

• The environmental effects on AE sensors such as such as temperature variation and 

radiation should be checked.  

• Correlate AE with damage, which is defined based on the structure types and 

expected mechanisms (e.g. shear wall, dry cask storage system (DCSS) canisters 

etc.). 

• Evaluate the level of damage based on the extensive analysis using experimental 

data and theoretical models.  

• Provide recommendation to decide whether long-term monitoring or shutdown the 

facility is required.  

1.1.2 Applications of AE in monitoring of bridge girders 

Although laboratory reinforced and prestressed concrete beam specimens 

representative of in-service bridges with various configurations and structural details have 

been tested using AE [12-15], more field tests are needed to develop evaluation criteria for 
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on-site condition assessment of in-service bridges having inclined cracks and to limit 

subjectivity in the interpretation of AE data. This document aims to address these gaps as 

described in the following sections. 

1.2 Research Significance  

There is a growing need for effective non-destructive tests that can assess the 

condition of concrete structures. Additional information regarding the condition of existing 

structures can aid in reducing the overall maintenance cost. This study aims to advance the 

use of AE as a method of damage evaluation as well as a way to monitor the structural 

health of concrete structures by detecting and classifying structural damage.  

This research targets two of the main challenges associated with AE as a method 

for structural health monitoring and evaluating damage. The first challenge is verifying the 

source of AE data collected during compressive loading of cement paste specimens. Micro-

CT scanning is employed to investigate the dimensional extent of micro-cracking and to 

correlate the images with AE data. Additionally, experimental and theoretical investigation 

of fracture mechanics in cement paste are performed to (1) define the limit at which 

unstable crack extension and coalescence starts and (2) corelate that to AE data. This can 

support the efforts that have been exerted to perform long-term evaluations of concrete and 

reinforced concrete structures used in nuclear waste disposal systems. 

The second challenge is investigating AE for field evaluations of prestressed 

concrete bridge girders that are currently in service and which contain inclined cracks. This 

challenge was motivated by the lack of information available in existing literature related 

the use of AE in monitoring existing bridges with inclined cracks. Therefore, it is important 

to develop a methodology to evaluate the condition of pre-cracked structure elements and 
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to extrapolate the results collected from the load test to predict future damage. This 

application establishes the suitability of AE monitoring for field conditions and provides 

further insight for potential complications.  

1.3 Objective 

The objective of the research is to characterize damage conditions of existing 

structures using a stress wave-based approach including two cases of study: 

1. Use AE to detect and identify the extent of microcrack initiation and progression 

caused by different compressive loading levels applied on small scale cement paste 

specimens. 

2. Monitor and evaluate damage growth on a prestressed concrete girder bridge with 

shear cracks under truck loading and different load positions.  

Three studies were performed to target these topics; each study has its 

own sub-objectives as summarized below. 

1.3.1 Identification of damage mechanisms in cement paste based on acoustic 

emission 

Acoustic emission monitoring was applied in an experimental study to identify 

damage mechanisms and observe microcrack formation of cement paste prisms. Different 

load levels were applied to observe damage growth and identify different damage 

mechanisms. The objectives of this study are to: 

1. Categorize acoustic emission events based on their amplitude and cumulative signal 

strength (CSS) to establish a correlation between mechanical damage and acoustic 

emission activity. 
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2. Separate the AE data into clusters by employing unsupervised pattern recognition, 

which are then assigned to different mechanisms. 

3. Investigate the source of AE data by utilizing micro-CT scanning to image 

microcrack and crack formation at the end of each loading test. 

1.3.2 Damage mechanisms of cement paste prisms under compression using acoustic 

emission and fracture mechanics approaches 

Experimental and theoretical investigations based on the fracture mechanics 

approach were performed on cement paste specimens. The objectives are to: 

1. Predict crack growth state based on fracture mechanics approaches in conjunction 

with experimental observations. 

2. Identify the correlation between previously defined damage mechnisims 

(described in the first study) and AE activity. 

1.3.3 On-site acoustic-emission monitoring of a prestressed concrete BT-54 AASHTO 

girder bridge 

This study was conducted to monitor and evaluate damage growth of bridge girders 

with inclined cracks under dump truck loading and different load positions using 

piezoelectric AE sensors. The objectives of this study are to: 

1. Assess the condition of the prestressed concrete bridge girders exhibiting diagonal 

cracks, particularly since most of them now extend past epoxy injection and some 

girders have developed new cracks.  

2. Offer more field test data of the pre-cracked structure elements due to the lack of 

available data. 

3. Propose a rating method based on AE historic index to relate the AE data to the 

bridge condition.  
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4. Expand the defect definitions given in the AASHTO Manual for Bridge Element 

Inspection (AASHTO 2013) for cracking of prestressed concrete members to more 

thoroughly evaluate the extent of cracking which is currently based primarily on 

crack width, as opposed to crack propagation. 

5. Extrapolate the results collected from the load test to predict future damage and 

provide recommendations to the NMDOT for future steps. 

1.4 Layout of Dissertation  

The dissertation consists of six chapters. In Chapter 2, background information as 

gathered through a review of available literature regarding acoustic emission (AE) is 

presented along with additional background of AE damage quantification methods used in 

this study. 

Chapters 3 through 6 were written in paper form and submitted for publication as 

journal articles. Therefore, some information may be repeated in certain cases. 

Chapter 3 and 4 present a two-part paper which discusses damage mechanisms in 

cement paste under compression loading based on AE (Part I) and fracture mechanics (Part 

II). In this study, cement paste specimens having dimension of 38.1 mm x 38.1 mm x 152.4 

mm (1.5 in. x 1.5 in. x 6 in.) were cast using Portland cement Type I/II (Lafarge Holcim) 

and water to cement ratio of 0.5, and then cured for 28 days in lime water. Part I titled 

“Identification of damage mechanisms in cement paste based on acoustic emission” is 

presented in Chapter 3. In this chapter the results from compression tests while monitoring 

with AE are presented and discussed. Active crack growth was detected and classified 

using amplitude and cumulative signal strength (CSS), and unsupervised pattern 
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recognition was utilized to separate AE data into clusters. Then the source of AE data was 

verified using micro-CT scanning.  

Part II titled “Experimental and theoretical investigation of fracture properties of 

cement-paste prisms under compression” is presented in Chapter 4. In this chapter, a three-

point bending test was conducted on 38.1 mm × 38.1 mm × 152.4 mm (1.5 in. × 1.5 in. × 

6 in.) cement paste specimens to measure the fracture toughness property. Also, the 

compression test of the cement paste prism was simulated using the Abaqus finite element 

program to determine the stress intensity factor (SIF) along a predefined crack tip at a 

specific level of loading. The SIF is to be compared with the fracture toughness to define 

the limit at which a crack grows in an unstable manner. The results of this study show that 

under the conditions of unstable crack extension (defined in Part I by the AE method), the 

calculated SIF reached the fracture toughness of cement paste. This verifies the defined 

damage mechanisms described in the part I.  

Chapter 5 is titled “On-site acoustic-emission monitoring of a prestressed concrete 

BT-54 AASHTO girder bridge”, where AE was utilized to evaluate the condition of a three-

span, prestressed concrete girder bridge located in Guadalupe County, New Mexico during 

a load test. The 15-year-old bridge has inclined cracks in four girders of the exterior spans. 

Some cracks were injected with epoxy, however, most of the cracks extend beyond the 

epoxy regions, and some girders have developed new cracks. AE data was collected from 

sensors attached on two girders toward the obtuse corner of an exterior span under different 

levels of load. The results indicated that interior girder 3 experienced more damage 

accumulation during load testing than interior girder 2. Additionally, shear strength 
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analysis using modified compression field theory (MCFT) was performed to place the 

results in context. The results showed that bridge closure is not necessary. 

Chapter 6 summarizes the research conducted in this dissertation and provides the 

conclusions drawn. Recommendations for future research are also described. 
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2.1 Introduction 

Acoustic emission (AE) is a technique that is increasingly being used in the field of 

structural integrity assessment. It is defined by the American Society of Testing and 

Materials [1] as ‘‘the class of phenomena whereby transient elastic waves are generated by 

the rapid release of energy from localized sources within a material”. The sensitivity of AE 

for monitoring damage growth makes it promising for the detection and quantification of 

damage in real time. Moreover, AE monitoring can be used to monitor the internal 

conditions of a structure under increasing loads and potentially assist in establishing a safe 

load limit [2]. AE waveforms can be used to calculate parameters based on time domain 

such as amplitude, rise time, duration, signal strength, counts [1], and others based on 

frequency domain such as frequency centroid. Figure 2.1 shows a real signal with some of 

the parameters that are usually measured.  

Earlier in AE history, major efforts were applied to investigating the fundamentals 

of the AE method and exploring its behavior during deformation and fracturing of several 

materials [3]. The first study using AE was carried out on metals by Josef Kaiser in 

Germany in 1950. After that, especially in the last two decades, many researchers examined 

the feasibility of using the acoustic emission technique for assessing the condition of 

concrete structures and monitoring their structural health. The method can be used for 

damage detection and localization of carbon fiber composites [4, 5], assessing the condition 

of existing structures during load tests [6-9], concrete material degradation (such as alkali 

silica reaction) [10, 11], corrosion of steel in concrete [12, 13], and damage growth in 

concrete and cementitious materials [14-16]. However, one common challenge associated 

with AE monitoring and assessment is the proper interpretation of damage (e.g., crack 
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growth events) and distinction from other sources, such as reflections from boundaries, in 

the data. This chapter presents a detailed literature review of the main topics of this 

dissertation.  

  

(a) time domain  

   

(b) frequency domain 

Figure 2.1 Sample of a real signal  

2.2 Acoustic Emission Source Location Methods 

Several AE source location techniques were developed to enable the localization of 

damage during load tests including zonal, 2D (planar), and 3D methods. Source 
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localization techniques are essential in AE analysis to extract the source coordinates of AE 

events [17]. Location techniques have become an important tool for structural health 

monitoring (SHM) in research and field applications. AE localization can be applied to all 

kinds of construction materials [17]. AE sources are located using a known wave velocity 

in conjunction with the amount of time that it takes for a generated AE signal to reach the 

sensors [18]. For a source location to be justified, signals must be detected in a minimum 

number of sensors: one for zonal, two for linear, three for planar and four for volumetric. 

AE source localization methods, which will be presented in the following sections, were 

developed based on earthquake seismology with some modifications [17, 19-21]. Knowing 

the exact origin of an AE wave can help in determining: (1) the source type, such as friction 

between different parts of a structure, impact damage, etc., (2) evaluating the damage and 

(3) understanding the damage mechanism and propagation [22]. 

2.2.1 Zonal and one-dimensional source location 

Zonal location is the simplest way to locate the source of AE. The sensor that 

detects the first arrival or the highest amplitude of the wave is said to be the closest to the 

source [22], or it just considers the coordinates of the first sensor in the list of hits that 

make up the event [23]. This method is adequate when the area or sensor spacing being 

inspected is small or the damage initiation point is known [22]. However, an exact source 

location determination is not possible. Therefore, it is often used in inspecting large scale 

structures such as buildings, bridges, and pipes. If AE is recorded by a particular sensor, 

the technician should look for damage near the sensor [24, 25]. The inspection of the 

structural element is divided into zones which can be lengths, areas, or volumes depending 

on the dimensions of the array.  The source may be assumed to be within the region and 
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less than halfway between sensors (one sensor covers each zone). Based on the study 

conducted by Golaski et al. 2002 [7], it was difficult to assign each recorded signal to a 

crack because of the large scale of the tested element. Therefore, a zonal location was 

applied by dividing the tested element into ten measuring areas (one AE sensor/area), and 

each area was evaluated separately. 

Another method uses two sensors to locate an AE source on a line which is called 

1D or linear source location. It is a step up from zonal location that performs linear 

interpolation between two sensors’ coordinates based on the differences in the arrival times 

of the first two hits in the event [23]. Its disadvantage is that in a 2D area limits the source 

to points on the line segments that connect the sensors when real sources do not face that 

restriction. However, it is still good enough for the source location of long structures such 

as pipelines [23].  

2.2.2 2D Source location 

The next improvement in localization techniques is to perform a 2D source location 

to determine the x and y coordinates of an AE event. This method is applied when the 

accuracy of zonal or linear location is not enough. It is also referred to as a planner 

localization, since no information about the depth of the source is provided (where the 

thickness of a structure is small compared to the extent of the object) [17]. At least three 

sensors are needed, assuming there is constant wave velocity at all of them. Once three 

arrival times of the propagated wave have been measured from the source to the AE 

sensors, the source can be determined. Sensor layout is an important factor in 2D source 

location and its effects on the accuracy of the solution. For example, a better solution is to 

use a layout that minimizes the chances of linear events being observed. 
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The 2D source location technique has been applied on AE data recorded during 

laboratory and field load tests. Source triangulation techniques were used to produce crack 

maps during the load testing of prestressed concrete beams [26]. AE data was recorded 

using 16 AE resonant sensors (R6i) mounted on each specimen. Extensive scattering in the 

recorded data due to wave reflections was observed. After filtering, crack maps were 

developed with a reasonable agreement between AE source location and visually-observed 

cracks. 

AE source localization techniques were applied to the assessment of the condition 

of a 40-year-old simple-span, prestressed, concrete bridge located in southern New Mexico 

which had no available design plans [6]. AE data was collected under several loading 

conditions from two groups of sensors placed near the support and midspan of an interior 

double-tee beam. A 2D source localization technique using AEwin software [27] was 

applied to develop crack maps for the instrumented girder (see Figure 2.2) at both shear 

and moment regions. After applying a Swansong II filter, the AE data indicated that 

damage in the form of crack growth was more prevalent in the region near the supports 

than the midspan (Figure 2.3). 

 
 

Figure 2.2 AE sensor positions a: photo at support, b: photo at midspan 
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a b 

Figure 2.3 AE source location under 4 trucks back to back loading:  

(a) unfiltered data; (b) filtered data 

 

2.3 Acoustic Emission Damage Quantification Using Intensity Analysis 

Intensity analysis is a method originally developed to classify damage based on AE 

data in composite pressure vessels [28]. With this method, two parameters (historic index 

and severity) are calculated based on signal strength. Historic index, H(t), given by function 

2a, is sensitive to the change in slope of the CSS curve with respect to time using an 

historical approach (ratio of the CSS of recent hits to the CSS from all hits). Severity, Sr, 

is the average of the 50 events having the highest signal strength given by function 2b [7]. 

Tracking the changes over time of these two parameters provided an indication of the level 

of damage in a structural element. The intensity analysis chart of AE activity is generated 

by plotting the severity values versus the maximum historic index (HI) [7]. Events related 

to increased damage plot toward the top right corner of the intensity analysis chart [7, 26]. 

Formulas 2a and 2b for HI and severity are given below: 
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where N = number of hits up to a specific time (t); Soi = signal strength of the ith event; 

and K = empirically derived constant that varies with the number of hits. The value for K 

that has been suggested in the literature is as follows [6, 26, 29]: (1) not applicable if N ≤ 

50; (2) N − 30 if 51 ≤ N ≤ 200; (3) 0.85N if 201 ≤ N ≤ 500; and (4) N − 75 if N ≥ 501.  

 Intensity analysis was applied in Anay et al. [6] to quantify the damage of double-

tee prestressed concrete bridge girders under two and four trucks back-to-back loading. 

The results showed that the shear region (at support) experienced more significant damage 

in the form of crack formation and growth than the moment region (midspan), (see Figure 

2.4). Golaski et al. [7] examined the use of intensity analysis under different loading 

conditions to measure bridge deterioration for different types of bridge construction 

including reinforced concrete, prestressed concrete, and combined concrete-steel 

construction. The intensity analysis chart was divided into zones based on the gradation 

scale and the boundary values of severity and historic index given by Fowler et al. [28] 

(see Figure 2.5). The general descriptions of the plotted zones are shown in Table 2.1. The 

colored dots indicate different measuring zones or sensor positions.  

 

Figure 2.4 Intensity analysis condition assessment under  

different levels of loading (After Anay et al. 2015 [6]) 
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Figure 2.5 Intensity analysis chart of girder  

tested under different levels of loading [7] 

(with permission) 

 

Table 2.1 Descriptions of the plotted zones [7] 
Zone Description 

A minor emission, not for further reference 

B “small” defect 

C significant defect, further evaluation required 

D, E 
major defect, immediate shutdown and follow-up 

nondestructive examination needed 

 

El-Batanouny et al. [26] performed an intensity analysis to characterize damage in 

prestressed, T-shaped beams under cyclic loading. The intensity analysis chart was divided 

into two zones: uncracked (within design criteria) and cracked (failed design criteria). The 

zones were based on the experimental observation of loading uncracked specimens (Figure 

2.6). The method was successful in quantifying existing damage of beams having different 

initial conditions. 
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Figure 2.6 Intensity Analysis condition assessment charts of  

control (pristine) specimens (After ElBatanouny et al. [26]) 

 

2.4 Crack Growth Classification Using Acoustic Emission  

2.4.1 AE parameters 

Damage growth in concrete and cementitious materials have been studied 

previously through AE monitoring during loading. Sagar et al. [15] investigated the micro-

cracking activity and fracture behavior of concrete and cement mortar on notched three-

point bending specimens. AE parameters such as event rate, energy release rate, amplitude 

distribution, cumulative energy, and counts were used in the analysis. It was reported that 

microcracks initiated and grew at an early stage in mortar before getting to the peak load. 

For concrete, microcrack growth occurred during the peak load. Three distinct stages of 

microcrack activity (initiation, stable growth, and nucleation prior to final failure) were 

observed in both concrete and mortar. Elaqra et al. [16] used AE and 3D X-ray tomography 

image analysis to identify the mechanisms of damage and the fracture process on mortar 

specimens. It was reported that Poisson’s ratio and cumulative AE counts as a function of 

stress level could be used to define four different stages (local crack closure, linear elastic 

behavior, stable crack growth, and unstable crack growth). Puri, S. and Weiss, J. [30] 
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divided the stress–strain response of concrete cylinders under compression into five 

different zones and identified them based upon mechanical and acoustic emission 

characteristics including amplitude and duration. These zones are dispersed microcracking, 

uniform microcracking, nonuniform damage, the beginning of stiffness degradation, 

localized damage, and continued compression damage zone to failure. Haneef, T. et al. [31] 

investigated crack growth behavior of plain and fly ash concretes during uniaxial 

compression testing using AE parameter analysis including AE counts and amplitude. 

Three distinct stages of AE activity in both concretes were observed (crack 

closure/microcracking, steady crack propagation, and unstable crack propagation). 

2.4.2 Pattern recognition techniques  

Pattern recognition is the automated recognition of patterns by which features in 

the data are recognized to be used in classifying the data into clusters based on knowledge 

already gained or on statistical information extracted from patterns. 

The procedure consists of three steps including data perception, feature extraction, 

and classification [32]. Features are derived from the waveform. Some are calculated based 

on the time domain (measured directly from the waveform) such as amplitude and duration, 

and others are calculated based on the frequency domain (calculated through signal 

processing of the waveform) such as frequency centroid. Once features are extracted, the 

classification process is performed to assign each group to a cluster. There are two 

classification procedures:  

1. When any prior knowledge or labeled database is not available, unsupervised 

pattern recognition is performed to classify the data into clusters depending on 

their features and similarities. The number of the clusters has to be defined by 
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the user to achieve satisfactory results. The most popular unsupervised 

clustering methods include principal component analysis (PCA) and the k-

means algorithm. 

2. In many cases, pattern recognition systems are trained from labeled "training" 

data (supervised pattern recognition), where each new unknown pattern is 

classified to a predefined cluster. Different supervised classifier algorithms can 

be used for AE data including K-Nearest Neighbors method (K-NNC), the 

linear classifier, and the Back Propagation Neural Network.  

Cluster analysis has been studied to investigate damage severity and identify 

damage modes in different structural materials such as cementitious [33–35], composite 

[36–40] and steel materials [41]. Calabrese et al. [33] applied two types of unsupervised 

clustering methods: principal component analysis (PCA) and the self-organized map 

(Kohonen map) for evaluating AE data obtained during 4-point bending tests on concrete 

beams. It was possible to quantify the damage severity and to identify the evolution of the 

damage during the test. Calabrese et al. [34] described a multi-step procedure to identify 

clusters of AE signals recorded during the loading of concrete structures, which could be 

related to specific damage mechanisms (e.g. tensile cracks, shear cracks, microcracking, or 

macrocracking). A procedure based on cluster analysis to minimize noise was developed. 

Farhidzadeh et al. [35] conducted small-scale fracture experiments to impose controlled 

cracking modes and evaluate the performance of proposed classifiers. The results showed 

that the classification boundaries for AE features and their associated uncertainties could 

be successfully estimated. Świt [42] reported the application of AE techniques for 

identifying active destructive processes and tracking their development during the routine 
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operation of various types of structures including a steel bridge, steel columns supporting 

a structure for a cable car, a gas pipeline, and the My Thuan cable-stayed bridge. The 

recorded AE signals from each field test were grouped into classes to which various 

mechanisms were assigned based on the structure type using unsupervised and supervised 

pattern recognition methods. 

2.5 Fracture Mechanics  

Fracture mechanics is the field of mechanics which deals with fracture and failure 

processes in engineering materials and constructions [43]. To characterize the material's 

resistance to fracture, analytical solid mechanics methods are used to calculate the driving 

force on a crack and those of experimental solid mechanics. 

There are three ways of applying a force to enable a crack to propagate defined as 

follows [43], (Figure 2.7): 

1. Mode I: Opening mode (the crack opens perpendicular to the crack plane by tensile 

loading).  

2. Mode II: In-plane sliding mode (the crack faces are displaced on their plane by a 

shear stress acting parallel to the plane of the crack and perpendicular to the crack 

front). 

3. Mode III: Out-of-plane tearing mode (the crack faces are displaced on their plane 

by a shear stress acting parallel to the plane of the crack and parallel to the crack 

front). 
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Figure 2.7 Definition of the three-crack 

 opening modes  
 

Since the crack formation and growth in cementitious materials are major 

mechanisms affecting the strength as well as the durability of the materials and structures, 

investigation of the mechanical properties of fractures is significant. Studies to determine 

the fracture properties of concrete were first conducted by Kaplan in 1961 [44]. His study 

was based on linear elastic fracture mechanics (LEFM), which proposes a single parameter 

(the critical stress intensity factor KIC). However, several experimental investigations 

conducted in the 1970s showed that LEFM for quasi-brittle materials such as concrete is 

no longer valid [45]. This is due to the presence of a relatively large inelastic zone in front 

of and around the tip of the main cracks in concrete which is ignored by LEFM [46]. Since 

then, various non-linear fracture mechanics models have been proposed to determine the 

fracture toughness of concrete materials including the fictious crack model [47], the crack 

band model [48], the two-parameter model [49, 50], the size-effect model [51], the effect 

crack model [52-55], and the double-K fracture model [56-58]. The goal of each model is 

to determine the critical crack extension which depends on the structural size because of 

its tendency to converge with the initial crack length as the size increases [51]. For this 

reason, at least two fracture parameters are required for concrete fracture.  

 

 

Mode I Mode II Mode III 
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3.1 Abstract 

Acoustic emission (AE) monitoring during compressive loading was employed to 

investigate micro-crack formation and coalescence in cement paste specimens. To establish 

a correlation between damage and AE activity, the data was categorized on the basis of 

amplitude and cumulative signal strength (CSS). Three distinct stages of crack behavior, 

illuminated by changes in the slope of the cumulative signal strength versus time 

relationship, were identified.  Micro-crack initiation, crack extension, and unstable crack 

growth (crack coalescence) were assigned to these stages. An unsupervised pattern 

recognition approach was employed to separate the data into signal subsets which were 

then classified and assigned to differing mechanisms. To gain further insight into the crack 

growth network and behavior, specimens were loaded to varying levels of ultimate capacity 

and micro-CT scanning was employed to investigate the dimensional extent of micro-

cracking and to correlate the images with AE data. 

Keywords: Acoustic emission; cement paste; damage mechanism; unsupervised pattern 

recognition; micro-CT scanning  

3.2 Introduction  

Concrete is a quasi-brittle material whose properties depend on its constituents, 

such as cement, aggregate and mineral admixtures. Because of the heterogeneous and 

multi-scale nature of concrete, several factors play a significant role in its compressive 

strength including the binder type, aggregate type, extent of the interfacial transition zone, 

and air content [1]. Researchers have conducted several experiments on cement paste, 

mortar and concrete to evaluate their behavior under different loading conditions. For 

example, Choi and Shah [2] have examined fracture processes in cement-based materials 
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(cement paste, mortar, and concrete) subjected to compressive loading. Material 

composition and end conditions were found to affect the observed non-uniform 

deformations at the early stage of loading, and cracks propagated parallel to the loading 

direction for all specimens.  

Micro-cracking in cement-based materials initiates soon after hydration and 

continues under applied loading. As the load increases, additional cracks form and 

eventually coalesce and propagate through failure. Micro-crack initiation and damage 

evaluation of concrete, mortar and cement paste have been studied using nondestructive 

approaches including ultrasonic pulse velocity and AE. AE, the focus of this study, is 

defined as “transient stress waves generated by a rapid release of energy from localized 

sources within a material” [3, 4]. The sensitivity of AE monitoring to damage growth 

makes it promising for the detection and quantification of damage in real time. Moreover, 

AE monitoring can be used to monitor internal conditions of a structure under increasing 

load and potentially assist in establishing a safe load limit [5]. AE waveforms can be used 

to calculate parameters such as amplitude, rise time, duration, signal strength, and counts 

[3, 6, 7]. These types of parameters have been previously utilized to provide insight to 

failure mechanisms at varying stress levels in cement-based materials [8].  

Damage growth in concrete and cementitious materials have been studied 

previously through AE monitoring during loading. Sagar et al. [9] investigated the micro-

cracking activity and fracture behavior of concrete and cement mortar on notched three-

point bending specimens. It was reported that microcracks initiated and grew at an early 

stage in a mortar before getting to the peak load. For concrete, microcrack growth occurred 

during the peak load. Three distinct stages of microcrack activity (initiation, stable growth, 
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and nucleation prior to final failure) were observed in both concrete and mortar. Elaqra et 

al. [10] used AE and CT image analysis to identify the mechanisms of damage and the 

fracture process on mortar specimens. It was reported that Poisson's ratio and AE activities 

as a function of stress level could be used to define four different stages (local crack 

closure, linear-elastic behavior, stable crack growth and unstable crack growth). Puri, and 

Weiss [11] divided the stress–strain response of concrete cylinders under compression into 

five different zones and identified them based upon mechanical and acoustic emission 

characteristics (dispersed microcracking, uniform microcracking, nonuniform damage and 

starting of stiffness degradation, localized damage and continued compression damage 

zone to failure). Haneef et al. [12] investigated crack growth behavior of plain and fly ash 

concretes during uniaxial compression testing using AE. Three distinct stages of AE 

activity in both concretes were observed (crack closure/microcracking, steady crack 

propagation and unstable crack propagation).  

Cluster analysis has been studied to investigate damage severity and identify 

damage modes in different structural materials such as cementitious [13-15], composite 

[16-20] and steel materials [21]. Calabrese et al. [13] applied two types of unsupervised 

clustering methods: principal component analysis (PCA) and the self-organized map 

(Kohonen map) for evaluating AE data obtained during 4-point bending tests on concrete 

beams.  It was possible to quantify the damage severity and to identify the evolution of the 

damage during the test. Calabrese et al. [14] described a multi-step procedure to identify 

clusters of AE signals, recorded during loading of concrete structures, to be related to 

specific damage mechanisms (e.g. tensile cracks, shear cracks, microcracking, or 

macrocracking). A procedure based on cluster analysis to minimize noise was developed. 
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Farhidzadeh et al. [15] conducted small-scale fracture experiments to impose controlled 

cracking modes and evaluate the performance of proposed classifiers. The results showed 

that the classification boundaries for AE features and their associated uncertainties could 

be successfully estimated.  

While cluster analysis has been applied to identify damage mechanisms in concrete 

and cementitious materials in bending, additional work is beneficial to classify damage 

mechanisms in compression. Moreover, parameters such as amplitude, duration, counts 

and signal strength have been used to classify AE activity into subsets. This present study 

addresses detection and classification of microcrack initiation and progression in real time, 

with focus on two methods: cumulative signal strength and cluster analysis through 

unsupervised pattern recognition. These methods were utilized to identify the level of 

damage due to different compressive loading levels. Because cement paste is the binder of 

cementitious materials, insight into detection of microcrack initiation and growth of cement 

paste will help to understand the corresponding behavior of mortar and concrete. 

Treatment and conditioning processes of nuclear waste before disposal are used to 

convert radioactive waste materials into forms that are suitable for transportation, storage, 

and final disposal [22]. One of the conditioning processes is cementation (using specially 

formulated grouts) which provides a means to immobilize radioactive material [22].  

As microcracks in the cement-based materials allow for enhanced leaching and 

transport of nuclear waste materials, it is important to develop a methodology for detecting 

and classifying micro and macro cracks and understand in which direction they initiate and 

expand. This can help for long-term assessments of concrete and reinforced concrete 

structures used in nuclear waste disposal systems [23]. 
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To explore the potential of AE for detection of microcrack initiation and damage 

growth, investigations have been conducted on cement paste samples (both during the 

curing process as well as in the hardened state) including characterization of the hydration 

process [24] and behavior in compression. This is the motivation to devote our focus to 

cement paste.  

3.3 Materials and Methods  

Portland cement Type I/II (Lafarge Holcim) was used.  The cement paste specimens 

were made with water to cement weight ratio of 0.5 and prepared according to ASTM C305 

[25].  The mixtures were then cast vertically, to obtain smooth surfaces for better sensors 

attachment, in 38.1mm × 38.1mm × 152.4mm (1.5 inch × 1.5 inch × 6 inches) acrylic molds 

and vibrated for ten seconds. After 24 hours, the specimens were taken from the molds and 

put in lime water for 28 days.  

3.4 Experimental Test Setup 

Two types of mini-sensors were used; eight micro-30 resonant sensors from 

MISTRAS Group and two B-1025 broadband sensors from Digital Wave Corp. with an 

operating frequency range between 150-400 kHz and 50-2000 kHz, respectively. In this 

study, only the AE data recorded by resonant sensors were selected and post processed due 

to their high sensitivity. Double bubble epoxy and hot glue were used as the coupling agents 

to fix the sensors on the surface of the specimens. A thin layer of the epoxy was applied on 

the specimens to provide a smooth surface. After curing of epoxy for two minutes, a layer 

of hot glue was applied to fix the sensors in place. Two sensors were attached on each face 

at 25.4 mm (1'') from both ends except for the front face which had two additional sensors 

attached at 12.7 mm (0.5'') from the specimen ends as guard sensors for AE noise filtering.  
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Stainless steel caps and polyurethane pads with 50.8 mm× 50.8 mm (2'' × 2'') were used at 

both ends and the ends of the prisms had smooth, parallel bearing surfaces. A Teflon sheet 

was used on the top side of the specimens to decrease AE activity caused by friction, as 

shown in Figure 3.1.  

AE signal preamplifiers (type 2/4/6, MISTRAS Group) were used. They were 

supplied with 20/40/60 dB gain (40 dB was used) and plug-in band pass filters from 100 

to 1200 kHz. The AE system used in this experiment was a 16-channel Sensor Highway II 

(SHII) data acquisition system (Mistras Group, Inc.). AEwin software was used in the data 

analysis [26]. A background noise check was conducted to identify the threshold, which 

was set to 30 dB. Pencil lead breaks (PLB) were utilized to check the sensitivity of each 

sensor and to make sure that the coupling was consistent for all sensors. 

 

Figure 3.1 Test setup: (a) photograph of test specimen, and (b) sketch of sensors layout 
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Compression tests were conducted using a material testing system (MTS) of 20-kip 

capacity with a servo-controlled hydraulic loading frame. The specimens were loaded in 

displacement control at rate of 0.1 mm/min. Load data was recorded by the 20-kip load 

cell, which was connected to the Micro-Measurements System 7000 from the Vishay 

Precision Group. Four specimens (A1, A2, A3 and A4) were loaded to ultimate capacity 

without attaching AE sensors for three reasons: to observe the critical damage load (a load 

causes first visible longitudinal crack), to observe crack initiation and progression, and to 

determine ultimate capacity. The results served as a guide for the second part of the test as 

the specimens (B60, B80, and B100) were loaded at different percentages, 60%, 80% and 

100% of the critical damage load while AE data was recorded. These percentages were 

chosen depending on the observed behavior of cement paste specimens A1, A2, A3 and 

A4. Therefore, 6.6 kN (1.5 kip), 8 kN (1.8 kip), and 10.2 kN (2.3 kip) were chosen as 

maximum loads for the B60, B80 and B100 specimens, respectively. 

3.5 Results and Discussion 

3.5.1 Cement paste behavior under compression 

 Behavior of cement paste under compression in terms of crack initiation position, 

distribution of cracks on the loading surface, and crack propagation along the length is 

discussed for specimens A1, A2, A3 and A4. Crack identification and classification using 

signal parameters and data cluster analysis with unsupervised pattern recognition is 

discussed for specimens B60, B80 and B100. 

 Load-displacement relationships and modes of failure are shown in Figures 3.2 and 

3.3.  Cracks initiated from the loading surfaces (either top or bottom) before the peak load 

and propagated toward the other surface vertically, as cracks in cement paste tend to 
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propagate parallel to the loading direction [2]. Discrete drops in the load-displacement 

curves were associated with visible crack initiation and progression. Cracks did not 

uniformly develop over the loading surfaces. Rather they were concentrated in the corners 

and side of the loading area, Figure 3.3. The average value of the first visible longitudinal 

cracking load was 10.5 kN (2370 lb), which was used as a maximum value for the 

specimens monitored with AE sensors. Due to the use of neoprene pads, the load-

displacement relationship began non-linearly, and was followed by a nearly linear 

relationship up to failure (Figure 3.2). Table 3.1 shows the values of the first visible 

longitudinal cracking load. The behavior matched the expectations in terms of crack 

initiation from the top and bottom and surface crack distribution concentrated near the 

corners.  

 

Figure 3.2 Load-displacement relationship 
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Figure 3.3 Photographs of failure modes 

Table 3.1 Longitudinal cracking load                                                   
Specimen ID Load, kN (lb) 

A1 10.4 (2344) 

A2 10.5 (2371) 

A3 8 (1800) 

A4 13.2 (2966) 

Average 10.5 (2370) 

 

3.5.2 Crack identification based on AE  

AE data was recorded and post-processed via AEwin [26]. The results for 

specimens B60, B80 and B100 were analyzed for identification of fracture process stages 

using AE parameters such as amplitude and signal strength. Figure 3.4 illustrates AE 

activity versus load in the three specimens.  Microcracks initiated and propagated to form 

visible cracks at the times referenced by the arrows shown in Figure 3.4 for specimens B80 

and B100. No visible cracks were seen in the B60 specimen; it is believed that the AE data 

was due to microcrack initiation and growth. In addition to the several bursts of AE 

A1 specimen A2 specimen A3 specimen A4 specimen
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activities highlighted by arrows, AE activity increased over time during testing of the B80 

and B100 specimens, indicating that more micro-crack growth and coalescence occurred 

throughout the loading. Figure 3.5 shows visible crack networks at maximum applied load 

for B80 and B100 specimens while no visible crack is seen for B60 specimen.  

  
Figure 3.4 AE data activity versus load: (a) B60 specimen, (b) B80 specimen and (c) 

B100 specimen 

3.5.3 Classification of crack growth based on cumulative signal strength 

 CSS as a function of load is shown in Figure 3.6. The number of AE hits and 

associated CSS show clearly defined regions as shown in Figures 3.4 and 3.6. Four ranges 

of crack behavior, illuminated by changes in the slope of the cumulative signal strength 

curve, can be observed for the B80 and B100 specimens in comparison with only two in 

the B60 specimen. Significant jumps in CSS compared with the previous stages were 

observed and used to distinguish between the divided regions in the B80 and B100 
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specimen, while only one significant jump was observed at the end of B60 specimen test. 

The jump in AE event rate has been attributed to the localization of micro-cracking and 

macro-cracking into a single critical crack [27, 28]. The first region (R1), represented by 

the early stage (elastic deformation stage), showed very little AE activity which can be 

assigned to micro-crack initiation (no visible crack was seen at this stage). As the load 

increased, the second region (R2), represented by the stable stage, showed increases in the 

AE activity due to formation of stable visible cracks for the B80 and B100 specimens. The 

maximum cracks lengths of approximately 0.85-1 inch were seen at the beginning of this 

stage and other one of two-inches was observed within this region. Therefore, this region 

can be assigned to formation and extension of cracks and micro-cracks. At the end of the 

B60 specimen test, an increase in the rate of AE data was observed and contributed to the 

beginning of the R2 region as no visible crack was observed. The third region (R3), 

represented by the unstable stage, showed abrupt increases in AE activity. The maximum 

crack length of approximately three-inches was observed at the beginning of this stage and 

propagated to the whole specimen length at the end of this region. This region can be 

assigned to unstable crack extension and coalescence, leading to eventual failure. 

Additional evidence is the cracks observed on the samples’ surfaces at different times 

during the test.  For example, at the end of the tests, the cracks observed on the surfaces of 

the B80 specimen showed signs of the beginning of unstable cracks (R3 region) as shown 

in Figure 3.5b. More and even wider cracks observed on the surfaces of B100 specimen 

showed unstable cracks that led to specimen failure (Figure 3.5c). The B60 specimen had 

no evidence of surface cracks during loading (Figure 3.5a), however, minor AE activity 

and one significant jump in the CSS curve were observed at the end of the test (Figures 
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3.4a and 3.6a) compared with the B80 and B100 specimens. These activities were 

attributed to non-visible micro-crack formation which is supported by micro-CT scanning 

(Figure 3.10).  

 

Figure 3.5 Photographs at maximum applied load: (a) B60 specimen,  

(b) B80 specimen and (c) B100 specimen 
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(a') B60 specimen- zoom in of a 

 
(b) B80 specimen 

 
(c) B100 specimen 

Figure 3.6 CSS and load versus time 
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To investigate the properties of AE signals for each assigned mechanism, statistical 

analysis was conducted on the AE features in each region. The features used were signal 

strength, counts, duration, amplitude, rise angle value, and average frequency. The 

averaged feature values are shown in Table 3.2.  

Table 3.2 Feature statistics of AE data subsets   

Specimen 

Time 

period 

(sec) 

Signal 

subset 

Signal 

strength 

(pVs) 

Counts 
Duration 

(µs) 

Amplitude 

(dB) 

RA 

value 

(µs/dB) 

Average 

frequency 

(kHz) 

Number 

of AE 

hits 

B60 

0-1118 R1 3440 3 50 34 0.33 271 52 

1118-1383 R2 2390 5 69 35 0.56 446 48 

B80 

0-785 R1 2462 5 57 36 0.08 230 200 

785-1260 R2 10989 13 235 38 0.10 196 1674 

1260-1342 R3 48113 38 585 41 0.16 150 829 

B100 

0-1088 R1 7950 17 288 38 0.12 172 346 

1088-1642 R2 15600 22 357 39 0.17 141 2019 

1642-1998 R3 146000 51 621 45 0.20 141 1224 

The average signal strength, counts, duration, amplitude, and rise angle value of 

AE data in region R1 are lower than regions R2 and R3 for both the B80 and B100 

specimens, indicating that the attributed mechanism, microcrack initiation and formation, 

generates low energy signals at the beginning of the test up to formation of the first visible 

crack. As the load increases, formation and extension of cracks and micro-cracks followed 

by unstable crack growth generates higher energy signals. No clear difference of AE 
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features was observed between the R1 and R2 regions for the B60 specimen as no visible 

cracks were seen. A parameter-based method using the average frequency versus rise angle 

value (RA) has been reported to identify cracking mechanisms in concrete structures [29-

35]. The two indices are calculated using equations 3.1 and 3.2. The literature indicates 

that tensile cracks tend to have low RA value and high average frequency with shear cracks 

being the opposite. 

RA = Rise time / Maximum amplitude ………………………………….…………... (3.1) 

Average frequency = Counts / Duration …………………………………….………. (3.2) 

As shown in Table 3.2, the R1 region has higher average frequency and lower RA 

value than the R2 and R3 regions (B80 and B100 specimen), which indicates that at the 

beginning of the compression tests tension cracking occurred, followed by mixed and shear 

cracks modes.   

3.5.4 X-ray micro-CT scanning  

 Internal imaging using micro-CT scanning was pursued to investigate assumptions 

discussed in the previous sections. Visualization of two-dimensional images of a specimen 

surface or thin slices can be obtained through optical or electron microscopy.  However, 

these approaches cannot be used to make a conclusion about the original three-dimensional 

object in most cases [36]. Landis et al. [37] applied a high-resolution 3D scanning 

technique called X-ray microtomography to measure internal damage and crack growth in 

very small mortar cylinders, diameter and thickness of 4 mm (0.15 in), loaded in 

compression. They found that under increasing load, changes in internal damage can be 

measured using 3D image analysis techniques. Elaqra et al. [10] used CT image analysis 

to observe defects of mortar specimen under different compressive loads.  They found that 
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on a meso-scale, X-ray tomography can be used to understand and quantify the general 

relationship between stress level and crack development in the mortar material. Other 

techniques such as Magnetic Resonance Imaging (MRI) have been used for 1D, 2D and 

3D imaging of cement paste [38-41]. Jaffar et al. [40] discussed the advantages and 

limitations of imaging mechanically cracked cement paste using MRI. Their results 

indicated that to obtain high resolution images, the sample size must be very small, about 

0.3 mm3 (1.8e-5 in3), and the scan time fairly long. 

To produce the three-dimensional information, very thin slices are cut to be 

visualized under the light microscope, then the results of two-dimensional information are 

interpolated to produce a three-dimensional structure model. This method is slow and not 

reliable because of the sample preparation technique that can result in a loss of 3D 

information. In an X-ray (radiography) system, the depth information is mixed, while in an 

X-ray (tomography) system, complete three-dimensional object structures can be 

visualized and measured [36]. For these reasons, micro-CT scans were performed using 

the Burker SkyScan 1176 scanner at Clemson University to visualize micro-cracks and 

cracks of pre-loaded cement paste specimens. The scans were conducted with a 90 kV, 278 

mA X-ray source and a pixel size of 35 µm. During scanning the source-detector pair 

rotates over 360° with step of 0.7°, and at each position, the shadow image or transmission 

image was acquired. The reconstruction produced 4651 cross-sectional slice images along 

the height of the specimen with a size of 1476 by 1476 pixels.  The vertical separation 

between each slice was 0.033 mm (0.001 in). The total time required for scanning and 

reconstruction was about 3.45 hrs. for each specimen. Figure 3.7 summarizes all actions 
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and steps to generate the cross-sectional data, and Figure 3.8 shows the scanner and the 

specimen position in the scanner.   

 

Figure 3.7 Steps of generating the cross-sectional data [36] 

 (a) (b)  
 

Figure 3.8 X-ray micro-CT scanning: (a) the Burker SkyScan 1176 scanner,  

(b) specimen position in the scanner  
 

Figure 3.9 shows an example of the slice data at the same cross-sectional plane (at 

76.2 mm (3 inches) from the top or from the loading platen surface) of the B0 (control 

specimen), B60 and B80 specimens. There were no observed micro-cracks or cracks in the 

B0 specimen, while micro-cracks in the B60, and cracks and micro-cracks in the B80 

specimen were detected. Figures 3.10 and 3.11 show micro-CT scan images at different 

cross-sectional planes of the B60 and B80 specimens respectively. As discussed 

previously, there were no visible surface cracks in the B60 specimen, and Figure 3.10 

shows only internal micro-cracks at different cross-sectional planes. This helps to explain 

the source of AE data detected during loading (R1 region in Figure 3.4a). Wider and longer 

cracks were seen in the B80 specimen as the load was higher than the B60 specimen. Some 
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cracks could be seen by the naked eye on the surface (Figure 3.5b) while others were 

internal micro-cracks and observed only through the micro-CT scan (Figure 3.11). This 

also illustrates the reason for detecting more AE data in the B80 than the B60 specimen as 

shown in Figure 3.4. The bottom right of each image in Figures 3.9, 3.10 and 3.11 

represents a zoom in of the selected area.  

Figure 3.9 Micro-CT scan images of single specimen plane (38.1 mm × 38.1 mm) 

 of (a) B0, (b) B60 and (c) B80 specimen 
 

 

Figure 3.10 Micro-CT scan images at same load but different cross-sectional planes (38.1 

mm × 38.1 mm) from the top of B60 specimen: (a) at 16.2 mm (0.64 in), (b) at 64.6 mm 

(2.5 in) and (c) at 142.5 mm (5.6 in) 

  

(a) (b) (c)

(a) (b) (c)
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Figure 3.11 Micro-CT scan images at same load but different cross-sectional planes (38.1 

mm × 38.1 mm) from the top of B80 specimen: (a) at 25.4 mm (1.0 in), (b) at 59 mm (2.3 

in) and (c) at 142.5 mm (5.6 in)  

3.5.5 Classification of crack growth using pattern recognition 

Pattern recognition was used to cluster the AE data from the B100, B80, and B60 

specimens into three signal subsets for each specimen; S1, S2, and S3 for the B100 

specimen; T1, T2 and T3 for the B80 specimen; and U1, U2 and U3 for the B60 specimen. 

Twenty-two features were derived from the AE signals using NOESIS software (AE data 

analysis pattern recognition & neural networks software).  Some were calculated based on 

the time domain such as amplitude and duration, and others were calculated based on the 

frequency domain such as frequency centroid. Figure 3.12 shows some of the time domain 

and frequency domain features. The correlation matrix and correlation hierarchy diagram 

(Figure 3.13) were employed for selecting the most appropriate features for clustering the 

data. Low-correlated features can be a good option to use in pattern recognition. Among 

all features, three low-correlated features were selected for clustering including; energy (a 

measure of the area under the rectified signal envelope), partial power1, PP1 (power related 

to the first frequency band width (10-82.5 kHz)), and Rise Angle value (RA) (Equation 3.1). 

Before post-processing of the data, the feature vector was normalized. A unit variance 

method was utilized as a normalization technique. Furthermore, principle component 

(a) (b) (c)
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analysis (PCA) was implemented. This method presents the data in a new space with 

orthogonal axes using eigenvectors of the feature correlation matrix [42]. Therefore, the 

data was projected into the new axes, made by PCA, with the highest variance.  Finally, an 

unsupervised pattern recognition method was conducted to cluster the data into the subsets. 

A learning vector quantizer (LVQ) unsupervised neural net in NOISIS was employed as a 

clustering method.  This is a type of “Kohonen” neural net, conceptually similar to the K-

Means algorithm [42].  Three resulting clusters for each specimen are shown in Figure 3.14 

in the PCA space. The pattern of clusters for the B60, B80 and B100 specimens is similar 

in the PCA space. Moreover, reasonable discrimination was observed between the signal 

subsets. 

(a) 

(b) 

Figure 3.12 Sample of real signal in: (a) time domain, and (b) frequency domain 
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Figure 3.13 Correlation hierarchy diagram for three uncorrelated features:  

(a) B60 specimen, (b) B80 specimen and (c) B100 specimen 

 
Figure 3.14 AE data clusters in principle component coordinates,  

a: B60 specimen, b: B80 specimen, c: B100 specimen  
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Figures 3.15, 3.16 and 3.17 show the amplitude of hits and uniaxial compression 

loading values versus time for the B100, B80, and B60 specimens. As shown in Figure 

3.15, signal subsets S1 and S2 occurred mostly at the end of the loading, at 92% and 75% 

respectively. The highlighted rectangular area at the end of loading depicts the unstable 

region for crack formation (R3 in the previous section shown in Figures 3.4 and 3.6). The 

written percentages in the highlighted rectangular box are ratios of the number of hits for 

each cluster, occurring in the corresponding time interval, to the whole number of the hits 

in the related cluster. Most signal subsets S1 and S2 appeared in the highlighted rectangular 

region. Therefore, these signal subsets should share the characteristics of the assigned 

mechanisms which are prominent in that time interval. According to the AE data analysis 

represented by the amplitude and signal strength parameters discussed in the previous 

section (R3 region), and observations during the experiment, the highlighted rectangular 

region for S1 and S2 signal subsets represents unstable crack formation and propagation of 

microcracks (when three-inch crack length was observed and propagated to the whole 

specimen length). Signal subset S3 did not concentrate at the end of the loading but was 

distributed more uniformly than signal subsets S1 and S2. Most of the AE activities 

pertained to signal subset S3 (about 90%). Therefore, the potential assigned mechanism 

should possess the stated characteristics which are repetitive occurrences within the test 

period. The attributed mechanism may be micro-crack initiation and growth, which can be 

expected to occur repetitively over time and appear more than other mechanisms.  
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 (a) (b) 

Figure 3.15 Amplitude distribution versus time for the clusters of B100 specimen,  

a: Signal subsets S1 and S2, b: Signal subset S3 

For the B80 specimen, an identical procedure was used for assigning the possible 

mechanisms. The highlighted rectangular region represents the final stage of loading. This 

region is associated with the beginning of unstable crack formation (three-inch crack length 

was observed at the beginning of this stage). The crack growth network was not completed 

as the load was halted at 80% of expected ultimate capacity. Micro-crack and crack 

propagation and coalescence are expected as the prominent mechanisms in this region. 

Signal subsets T1 and T2 concentrate at the end of loading, and their attributed hit 

percentages (61% and 66%) are much higher than signal subset T3 (33%) in the highlighted 

region.  As for signal subsets S1 and S2, they can be assigned to the potential mechanisms 

such as micro-crack and crack propagation and coalescence. On the other hand, signal 

subset T3 is more uniformly distributed in terms of time and quantitatively much than the 

other signal subsets. Potential damage mechanisms are micro-crack and crack formation. 

Micro-crack formation is expected to occur more often and in a larger amount in 

comparison to other mechanisms. In addition, micro-CT images at the end of the B80 

specimen test showed micro-cracks and cracks distributed along the specimen with 

differing lengths and directions (Figure 3.11).  
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 (a)  (b) 

Figure 3.16 Amplitude distribution versus time for the clusters of B80 specimen, a: 

Signal subsets T1 and T2, b: Signal subset T3 

Although less AE data was collected from the B60 specimen (Figure 4), the same 

clustering procedure for the B80 and B100 specimens was used. Three signal subsets U1, 

U2, and U3 were clustered as shown in Figures 3.14 and 3.17. Signal subset U1 is 

concentrated at the end of the loading curve (starting at 1,118 seconds from the beginning 

of the test) and the attributed hit percentage (100%) is higher than signal subsets U2 and 

U3 (50% and 25%) in the highlighted region. This region corresponds to the jump in 

cumulative signal strength at the end of the test (Figure 3.6). In addition, signal subset U1 

coincides with the occurrence of part of signal subsets S1 and S2 for the B100 specimen 

and T1 and T2 for the B80 specimen. The later subsets were previously assigned to the 

micro and macro-crack propagation and coalescence mechanisms. Since only micro-cracks 

were formed in the B60 specimen according to the micro-CT images (Figure 3.10), the 

only related potential mechanism for this subset is micro-crack coalescence.  Signal subsets 

U2 and U3 were distributed more uniformly during the loading, therefore, the potential 

mechanism for these signal subsets is micro-crack initiation. Micro-CT images indicated 

that at the end of the B60 specimen test, there were only micro-cracks distributed along the 

specimen having differing lengths and directions (Figure 3.10).  
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(a) (b) 

Figure 3.17 Amplitude distribution versus time for the clusters of B60 specimen, a: 

Signal subset U1, b: Signal subsets U2 and U3 

3.6 Conclusion 

 This study summarizes an experimental approach to detect and classify active crack 

growth in cement paste specimens. AE data was utilized to guide the investigations and the 

additional insight was provided by micro-CT scanning at differing levels of ultimate 

capacity. Conclusions are as follows: 

• AE signal parameters such as amplitude and cumulative signal strength were 

valuable parameters for correlation of mechanical damage and AE activity. Abrupt 

increases in both parameters correlated to the occurrence of significant damage in 

the specimens. 

• Cumulative signal strength was a useful parameter for detecting crack initiation and 

progression. Three different mechanisms were defined and assigned, depending on 

changes in the slope of cumulative signal strength curve. The mechanisms were 

microcrack initiation and formation, extension of micro-cracks, and unstable crack 

extension and coalescence.  

• Unsupervised pattern recognition showed to be suitable techniques to aid in 

discrimination between the AE data based on relationships between signal subset 
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features. The AE data was separated into three signal subsets and fracture 

mechanisms were then assigned.  

• Time of occurrence and statistical criteria were beneficial for assigning potential 

mechanisms to the signal subsets because different damage mechanisms are more 

likely to occur in specific time intervals.  

• Unstable crack formation and the propagation of micro-cracks was assigned to two 

signal subsets concentrated near the end of the loading, while micro-crack initiation 

and formation was assigned to the signal subset distributed throughout the test 

period for the B80 and B100 specimens. 

• Micro-crack coalescence was assigned to a signal subset occurred near the end 

loading, while micro-crack initiation was assigned to signal subsets distributed 

throughout the test period of B60. Substantiation of these mechanisms was 

provided through images obtained through micro-CT scanning, showing only 

internal micro-cracks distributed along the specimen length.  

Finally, the findings were in line with the expectations, however, more tests should be 

conducted (e.g. three specimens per loading level) to generate more data and observe the 

signal properties.  
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4.1 Abstract 

In previous work, acoustic emission (AE) monitoring during compressive loading 

was employed to investigate microcrack formation and coalescence in cement paste 

specimens [1]. Three distinct stages of crack behavior were identified based on AE data 

parameter analysis and experimental observations. Different damage mechanisms were 

assigned to these stages including microcrack initiation, crack extension, and unstable 

crack growth. To identify the the correlation between damage mechanisms and AE activity, 

theoretical predictions on crack propagation were made based on fracture mechanics 

approaches and the finite element method in conjunction with experimental observations. 

The fracture toughness of cement paste was determined using the two parameter fracture 

model based on the experimental results of a three-point bending test. Stress intensity factor 

(SIF) of mode I, KI, was calculated using the finite element model of cement paste prism 

under compression and compared to its critical value or fracture toughness (FT) to define 

the stage of unstable crack growth. The results showed that KI passed the FT of cement 

paste when unstable crack propagation was observed based on AE data analysis, while it 

was less than the FT when the first visible crack was initiated and propagated in a stable 

manner. This work shows that AE and the fracture mechanics approach are complementary 

methods to characterise damage sites in cement-based materials. 

Keywords: Acoustic emission; cement paste; damage mechanism; facture mechanics; 

finite element  

4.2 Introduction  

Concrete is a quasi-brittle material. Several factors such as the binder type, 

aggregate type, extent of the interfacial transition zone, and air content play a significant 
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role in its compressive strength. In cement-based materials, micro-cracking initiates soon 

after hydration and continues under applied loading. Additional cracks form and eventually 

coalesce and propagate through failure as the load increases. Because cement paste is the 

binder of cementitious materials, insight into detection of microcrack initiation and growth 

of cement paste will help with understanding the corresponding behavior of mortar and 

concrete. More details about the motivation to devote our focus to cement paste can be 

found in [1].  

Nondestructive approaches such as acoustic emission (AE) have been employed to 

investigate microcrack initiation and damage evaluation of concrete, mortar, and cement. 

AE, the focus of this study, is a technique that is being used increasingly in the field of 

structural integrity assessment defined by the American Society of Testing and Materials, 

ASTM E1316 [2] as ‘‘the class of phenomena whereby transient elastic waves are 

generated by the rapid release of energy from localized sources within a material”. In the 

last two decades, the feasibility of AE techniques has been investigated for condition 

assessment and structural health monitoring of concrete structures. The method can be used 

for detecting microcracks that develop during loading as well as those caused by concrete 

material degradation such as the corrosion of steel in concrete [3, 4], alkali silica reaction 

[5, 6], or a combination of the two. AE waveforms can be used to extract parameters based 

on the time domain such as amplitude, rise time, duration, signal strength, counts [2], and 

others based on frequency domains such as frequency centroid. These types of parameters 

have been previously utilized to provide insight to failure mechanisms at varying stress 

levels in cement-based materials [7].  
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Different stages of damage growth in concrete and cementitious materials have 

been defined based on AE data analysis and verified by several methods including 

mechanical response during loading, X-ray tomography, and SEM micrographs of the 

fracture surfaces. The micro-cracking activity and fracture behavior of concrete and cement 

mortar on notched three-point bending specimens were investigated by Sagar et al. [8]. The 

AE statistical parameters were used to identify and characterize the various stages of micro-

cracking activity. The parameters included (1) the occurrence rate of event and energy 

counts, (2) amplitude distribution (b-value) and its stress-induced changes, and (3) 

cumulative energy or event counts. Three distinct stages of microcrack activity were 

observed in both concrete and mortar including initiation, stable growth, and nucleation 

prior to final failure. In the other study, the stress–strain response of concrete cylinders 

under compression was divided into five different zones [9]. These zones were identified 

based upon mechanical and acoustic emission characteristics. The zones identified are 

dispersed microcracking, uniform microcracking, nonuniform damage with the beginning 

of stiffness degradation, localized damage, and continued compression damage zone to 

failure.  

Other studies have used different techniques to verify the damage mechanisms 

assigned to AE data recorded during compression. X-ray tomography was used to identify 

the mechanisms of damage and the fracture process during compressive loading on mortar 

specimens [10]. 3D X-ray tomography image analysis was employed to observe defects of 

mortar specimens under different compressive loads. It was reported that X-ray 

tomography, strain gauges data, and acoustic emission can be used to better understand and 

quantify the general relationship between stress levels and crack development in the mortar 



www.manaraa.com

 

68 

 

material. Four different stages of damage mechanisms were defined: 1. local crack closure, 

2. linear-elastic behavior, 3. stable crack growth, and 4. unstable crack growth. In the other 

study, crack growth behavior of plain and fly ash concretes during uniaxial compression 

testing was investigated using AE along with the support of SEM micrographs of the 

fracture surfaces [11]. Three distinct stages of AE activity in both concretes were observed. 

They are: crack closure/microcracking, steady crack propagation, and unstable crack 

propagation.  

Since the crack formation and growth in cementitious materials is one of the major 

mechanisms affecting the strength as well as the durability of the materials and structures, 

investigation of fracture mechanical properties is significant. In general, material 

separation is better described by energy principles rather than by stress or strain [12]. The 

toughness estimated by the area under the stress-strain curve of the material cannot be used 

as a true material property. Furthermore, when designing and analyzing large structures 

such as dams, bridges, and nuclear reactors that behave in a brittle manner, a fracture 

mechanics approach is very beneficial [12]. 

The studies on determining the fracture properties of concrete were first conducted 

by Kaplan in 1961 [13]. His study was based on the linear elastic fracture mechanics 

(LEFM), which proposes a single parameter; the critical stress intensity factor KIC. 

However, several experimental investigations conducted in the 1970s showed that LEFM 

for quasi-brittle materials such as concrete is no longer valid [14]. This is due to the 

presence of a relatively large inelastic zone in front of and around the tip of the main cracks 

in concrete which are ignored by LEFM [15]. Since then, various non-linear fracture 

mechanics models have been proposed to determine the fracture toughness of concrete 
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materials including the fictious crack model [16], the crack band model [17], the two-

parameter model [18, 19], the size-effect model [20], the effect crack model [21-24], and 

the double-K fracture model [25-27]. The goal of each model is to determine the critical 

crack extension, which depends on the structural size because of its tendency to converge 

with the initial crack length as the size increases [20]. For this reason, at least two fracture 

parameters are required for concrete fracture. Different beam sizes, water to cement ratio, 

and notch to depth ratio have been employed to measure the fracture toughness of cement 

paste using several fracture models. Most of the research on this subject is summarized and 

compared with the results of this study in Table 4.1.  

In this study, fracture mechanics approaches, including the two-parameter fracture 

model by Jenq and Shah [19] and finite element method in conjunction with experimental 

observations, were utilized to identify the correlation between damage mechnisims and AE 

activity defined in previous work [1]. The stress intensity factor (SIF) was calculated and 

compared to its critical value or fracture toughness (FT), to define the stage at which a 

crack grows in an unstable manner. 

4.3 Objective  

In previous work [1], an investigation of micro-crack formation and coalescence in 

cement paste specimens under compression was performed to identify three distinct stages 

of crack behavior based on AE data parameters analysis and experimental observations. 

The objective of this study is to identify the correlation between previously defined damage 

mechnisims and AE activity. This goal was approached through using experimental and 

theoretical investigation on cement paste specimens based on the fracture mechanics 
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approach. The two-parameter fracture model by Jenq and Shah [19] and finite element 

method in conjunction with experimental observations were utilized.  

Table 4.1 Comparison of the critical stress intensity factor 

 (Fracture toughness, KIC) of cement paste 

TPB beam 

size, mm (in) 

Water/Cement 

weight ratio 

(other additives) 

Notch to 

depth 

ratio, ao/d 

KIC, MPa.m0.5
 

(psi.in0.5) 

Fracture 

model 
Reference 

375×75×50 

(15×3×2) 

0.3 
Not 

reported 

0.76 (691) 

ASTM E399-

374, 1974 

Strange and 

Bryant, 1979 

[28] 

 

188×38×25 

(7.5×1.5×1) 
0.6 (546) 

125×25×25 

(5×1×1) 
0.6 (546) 

60×12×12 

(2.4×0.48×0.48) 
0.55 (500) 

900×225×84 

(36×9×3.375) 
0.45 

(fine agg./cement 

ratio = 0.5) 

1/3 

0.65 (595) 

Two-

parameter 

Jenq, and 

Shah, 1985 

[19] 
600×150×56 

(24×6×2.25) 
0.59 (544) 

300×75×28 

(12×3×1.125) 
0.6 (547) 

160×40×40 

(6.4×1.6×1.6) 

0.55 

0.4 

0.27 (245) 

Double-K 

Xu, and Zhu, 

2009 

[29] 

0.45 0.36 (327) 

0.4 0.43 (391) 

280×70×70 

(11.2×2.8×2.8) 
0.45 0.31 (282) 

400×100×100 

(16×4×4) 

0.55 0.35 (318) 

0.45 0.37 (336) 

0.4 0.51 (464) 

160×40×40 

(6.4×1.6×1.6) 

0.2 

(2% 

superplasticizer, 

and 1% 

defoamer/c) 

0.5 0.51 (464) RILEM  

Hu, et al., 

2014 [30] 

152×38×38 

(6×1.5×1.5) 
0.5 1/3 0.54 (494) 

Two-

parameter by 

Jenq and 

Shah [19] 

Current study 

 

4.4 Experimental Work 

4.4.1 Materials and specimen  

Cement paste specimens were made using Portland cement Type I/II with water to 

cement weight ratio of 0.5 and prepared according to ASTM C305 [31].  The mixtures 

were then cast in 38.1mm × 38.1mm × 152.4 mm (1.5 inch × 1.5 inch × 6 inches) acrylic 
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molds and vibrated for ten seconds. After 24 hours, the specimens were taken from the 

molds and put in lime water for 28 days.  

4.4.2 Experimental test setup 

Three-point bending beam specimens with a loading span-to-depth ratio (S/D) of 

three were used to measure the fracture properties of hardening cement paste (Figure 4.1).  

A 12.7 mm (0.5 in) notch length with width (N) of 1.3 mm was introduced into the 

specimens using a water-cooled saw machine. The length of the notch was calculated based 

on the RILEM standard [32], which requires a notch to depth ratio of close to 30 percent. 

The tests were performed on a closed-loop servo-hydraulic testing machine under 

displacement control with a rate of 0.018 mm/min. A pair of knife edges was glued to the 

two sides of a notch performed on the lower surface of the beam. A clip gauge from Epsilon 

was used to record the crack mouth opening displacement (CMOD) during the test. The 

test setup with supports details are shown in Figure 4.1.  

       

Figure 4.1 Experimental setup 

S 

L 

d ao 

HO 
b 

P 

Parameter 
Value, mm 

(in) 

S 114.3 (4.5) 

L 152.4 (6) 

d 38.1 (1.5) 

ao 12.7 (0.5) 

b 38.1 (1.5) 

HO 1.5 (0.06) 

 

Load cell 

Roller 

Clip 

gauge 
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4.5 Experimental Determination of Fracture Parameters 

The two-parameter fracture model proposed by Jenq and Shah [19] was used to 

determine the mode I fracture toughness, KIc, (critical value of stress intensity factor) of 

cement paste specimens from the experimental results. First, the specimens were 

monotonically loaded up to maximum load. The applied load is then automatically reduced 

using failure detector command when the load as within 95% of maximum load and after 

the load passed the maximum load. Second, four quantities are measured from the recorded 

load versus the CMOD curve for a loading-unloading cycle (see Figure 4.2) including:  

a) The compliances for the loading (Ci) and unloading parts (Cu), 

b) The peak load, Pmax, and 

c) Total CMOD at Pmax.  

Young’s modulus is then calculated from the initial slope of load-CMOD curve 

using equation 4.1. An iterative numerical approach is performed to determine KIc where 

an effective crack length, ac (ac = initial crack length, ao + stable crack growth at peak 

load) is first assumed and verified only when the measured value of CMOD agrees with 

the calculated value according to equation 4.3 [19]. Once an effective crack length is 

obtained the KIC is then calculated using equation 4.5. 

𝐸 =
6𝑆𝑎𝑜𝑉1(𝛼𝑜)

𝐶𝑖𝑑2𝑏
… … … … … … … … … … … … … … … … … … … … … . … … … … … … … . (4.1) 

Where, Ci is the initial compliance calculated from the load-CMOD curve (Figure 4.2),  

  𝛼𝑜 = (𝑎𝑜 + 𝐻𝑂)/(𝑑 + 𝐻𝑂), ao = crack length, S = span length, d = specimen depth, b = 

specimen thickness, HO = thickness of knife edges defined in Figure 4.1, V1(α) = geometric 

function defined by: 

𝑉1(𝛼𝑜) = 0.76 − 2.28𝛼𝑜 + 3.87𝛼𝑜
2 − 2.04𝛼𝑜

3 +
0.66

(1−𝛼𝑜)2 … … … … … … … … … … . . … . (4.2)   
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𝐶𝑀𝑂𝐷 =
6𝑃𝑚𝑎𝑥  𝑆 𝑎𝑐𝑉1 (

𝑎𝑐

𝑑
)

𝑑2𝑏𝐸
… … … … … … … … … … … … … … … … … … … . … … … … . (4.3) 

where, 𝑉1 (
𝛼𝑐

𝑑
) = 0.76 − 2.28 (

𝑎𝑐

𝑑
) + 3.87 (

𝑎𝑐

𝑑
)

2

− 2.04 (
𝑎𝑐

𝑑
)

3

+
0.66

(1−
𝑎𝑐
𝑑

)
2 … … … . . … . (4.4)   

𝐾𝐼𝐶 = 3(𝑃𝑚𝑎𝑥 + 0.5𝑊)
𝑆√𝜋𝑎𝑐𝐹(𝑎𝑐/𝑑)

2𝑑2𝑏
… … … … … … … … … … … … … … … … … … … (4.5) 

where, Pmax = the peak load, W = WoS/L, Wo = self-weight of the beam, and  

𝐹 (
𝑎𝑐

𝑑
) =

1.99−(𝑎𝑐/𝑑)(1−𝑎𝑐/𝑑)[2.15−3.93(𝑎𝑐/𝑑)+2.7(𝑎𝑐/𝑑)2]

√𝜋(1+2𝑎𝑐/𝑑)(1−𝑎𝑐/𝑑)3/2 … … … … … … … … . . … … … … . . (4.6)  

 

 

Figure 4.2 Load versus CMOD response of cement paste specimen under  

loading-unloading cycle 

 

4.6 Results and Discussion 

4.6.1 Classification of crack growth based on AE parameters [1] 

The AE data recorded during loading up to failure (10.2 kN (2.3 kip) of the cement 

paste prism was analyzed for identification of the stages of the fracture process using AE 

parameters such as amplitude and signal strength. Microcracks initiated and propagated to 
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form visible cracks at the times referenced by the arrows shown in Figure 4.3a. In addition 

to the several bursts of AE activities highlighted by arrows, AE activity increased over time 

during testing, indicating that more micro-crack growth and coalescence occurred 

throughout the loading. The number of AE hits and associated CSS show clearly defined 

regions as seen in Figure 4.3. Three ranges of crack behavior, illuminated by changes in 

the slope of the cumulative signal strength curve, can be observed. Significant jumps in 

CSS compared with the previous stages were observed and used to distinguish between the 

divided regions (Figure 4.3b). The jump in AE event rate is attributed to the localization of 

micro-cracking and macro-cracking into a single critical crack [33, 34].  

The first region (R1), represented by the early stage (elastic deformation stage), 

showed very little AE activity which can be assigned to micro-crack initiation (no visible 

crack was seen at this stage). As the load increased, the second region (R2), represented by 

the stable stage, showed increases in the AE activity due to formation of stable visible 

cracks. The maximum cracks lengths of approximately 0.85-1 inch were seen at the 

beginning of this stage and other one of 2 inches was observed within this region (Figures 

4.4a to 4.4e). Therefore, this region can be assigned to the formation and extension of 

cracks and micro-cracks. The third region (R3), represented by the unstable stage, showed 

abrupt increases in AE activity (Figure 4.3). The maximum cracks lengths of 

approximately 2.5 and 3 inches were observed at the beginning and within this stage 

(Figures 4.4f and 4.4g) and propagated to the whole specimen length at the end of this 

region (Figures 4.4h). This region can be assigned to unstable crack extension and 

coalescence, leading to eventual failure.  
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        (a) amplitude and load versus time                    (b) CSS and load versus time 

Figure 4.3: AE data activity versus load of specimen loaded to failure  

 

 

Figure 4.4 Crack initiation and propagation under varying compressive loads 

(Note: crack lengths are approximated values, 1 MPa = 145 psi) 
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4.6.2 Three-point bending test results and fracture toughness calculation 

The load versus CMOD graphs were created from the test results consisting of a 

linear elastic stage before crack initiation, a nonlinear stage of stable crack growth, and an 

unstable crack extension after the peak load. An example of load-CMOD curve recorded 

under monotonically increasing displacement control of cement paste specimen is shown 

in Figure 4.5.  

For fracture toughness calculation, an average value of three specimens under 

loading-unloading cycle as explained in Figure 4.2 was used to calculate the fracture 

toughness reported in Table 4.2. Furthermore, the results were compared with the previous 

works (Table 1) to show the fracture toughness ranges of cement paste calculated based on 

different proposed models. Strange and Bryant [28] used cement paste with a w/c of 0.3 

and different specimen sizes. Based on the ASTM E339-374, 1974 procedure [35], the 

calculated KIC values ranged from 0.76 MPa.m0.5 (691 psi.in0.5) for large size specimens to 

0.55 MPa.m0.5 (500 psi.in0.5) for small size specimens. The experimental results presented 

by Jenq and Shah [19] of notched beams with varying dimensions showed that the proposed 

two parameter fracture model is to be independent of beam size. The KIC values varied 

from 0.65 MPa.m0.5 (595 psi.in0.5) for large size specimens to 0.6 MPa.m0.5 (547 psi.in0.5) 

for small size specimens using cement paste with a w/c of 0.45 and a s/c of 0.5. The double-

K fracture parameter model was used by Xu and Zhu [29] to calculate the fracture 

toughness of cement paste having different w/c ratios and beam sizes. For the same w/c 

(i.e. w/c of 0.4) the values of KIC were ranged from 0.51 MPa.m0.5 (464 psi.in0.5) for large 

size specimens to 0.43 MPa.m0.5 (391 psi.in0.5) for small size specimens. The Rilem 

procedure [32] was used by Hu et al. [30] to calculate the fracture toughness of cement 

paste with a w/c of 0.5 and superplasticizer of 1% of cement weight.  The average value of 



www.manaraa.com

 

77 

 

KIC for three specimens with a w/c of 0.5 was 0.51 MPa.m0.5 (464 psi.in0.5). In this study, 

the average value of KIC for three specimens was 0.54 MPa.m0.5 (494 psi.in0.5), which is 

comparable with previous works.      

The fracture toughness shown in Table 4.2 is compared with the stress intensity 

factor calculated from the finite element method in the next section to identify the defined 

damage mechanisms reported in the previous study [1] based on AE data. 

 

Figure 4.5 Load versus CMOD relationship 

Table 4.2 Three-point bending testing results 

Specimen 

number 

Critical 

crack 

length, ac, 

mm (in) 

Modulus of Elasticity, E,  

GPa (ksi), equation 4.1 

Fracture toughness, 

MPa.m0.5 (psi.in0.5) 

S1 30.7 (1.2) 7.4 (1073.2) 0.53 (486) 

S2 26.7 (1.0) 7.4 (1073.2) 0.57 (519) 

S3 28.7 (1.1) 7.2 (1044.2) 0.54 (494) 

Average 28.7 (1.1) 7.3 (1063.5) 0.54 (494) 

SD 2 16.7 0.02 

COV 0.06 0.01 0.03 
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4.7 Finite Element Model Setup  

4.7.1 Geometry and material properties  

The compression test of cement paste prisms was simulated using the Abaqus finite 

element program to determine the stress intensity factor along a predefined crack tip. First, 

a three-dimensional model of the prism was created as a whole “3D deformable extrusion 

solid” with dimensions of 38.1mm × 38.1mm × 152.4 mm (1.5 inch × 1.5 inch × 6 inches). 

Second, a linear elastic solid material was assumed, and the material properties were added, 

including modulus of elasticity, E = 1,059,000 psi (measured using TPB test as explained 

in the previous section) and Poisson’s ratio, ν = 0.2. 

4.7.2 Boundary conditions and loading 

Loading and boundary conditions were applied as they were tested experimentally. 

The bottom surface was modeled as a pinned support with restrictions in movement in 

every direction, X, Y and Z (global axes of the model), to eliminate rigid body motion 

while simulating the far-field boundary. While the top surface was restrained in X and Z 

directions. Loading was applied as a displacement boundary condition since the 

experimental testing was conducted based on displacement control testing at a rate of 0.1 

mm/min. Four different levels of uniform downward displacement were applied on the top 

surface based on the divided regions defined previously in Anay et al. [1] which are 

referenced by arrows shown in Figure (4.3a) including: 

• Displacement of 1.5 mm (0.06") at the beginning of the R2 region.  

• Displacement of 2 mm (0.08") within the R2 region.  

• Displacement of 2.5 mm (0.1") at the beginning of the R3 region.  

• Displacement of 3 mm (0.12") at the end of the R3 region (end of the test at failure).  
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The loading, prism orientation, and support conditions are illustrated in Figure 4.6. 

   

Figure 4.6 Model geometry and boundary condition 

4.7.3 Mesh design 

The mesh includes a seam (a face in a model that is originally closed but can open 

during an analysis) along the crack with duplicate nodes, which allows the crack to open 

when loaded. A singularity was included in the mesh by moving the midside nodes towards 

the crack tip (midside node parameter of 0.25 was used). The nodes at the same location at 

the crack tip were constrained to move together as a single node (collapsed element side, 

single node). A polar FEM mesh with a strong concentric refinement around the crack tip 

is effective for stationary cracks [36, 37]. Therefore, around the crack tip, the geometry 

was partitioned to map rings of elements for the contour integral calculations. Figure 4.7 

shows the mesh pattern of the prism constructed in the FE models together with the closer 

view of elements near the crack front. At the crack tip, an element should have a size L that 

should be considerably below the validity range, rK, of the KI-dominated near field since 

rK of the crack singularity is narrowly limited. In addition, enough elements should also be 

Pin support 
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in X and Z 

Displacement 

on top 



www.manaraa.com

 

80 

 

distributed over the circumference to properly reproduce the angular distribution [36]. The 

range of rK is a/10 to a/50, thus the following relations should be observed: 

• element size at the crack tip: L < a/20 to a/100, where a is the crack length.  

• number of elements/semicircle: n > 6 or θ < 30◦.   

   

Figure 4.7 FEM with enlarged detail 

Three domains can be distinguished based on the results of validity range rK (Figure 

4.8) [36]. At FEM erroneous domain (the elements very close to the crack tip), KI falls too 

short in comparison to the exact value of KI, and the singularity can only be characterized 

inaccurately, therefore the KI values are neglected for the first one or two counters. At the 

mid-range (the elements inside crack singularity region), the quality of the FEM solution 

is enough, while outside the singularity region, (r>rK) more solution is required in addition 

to the singularity. 

 
Figure 4.8 Validity range of FEM interpretation  

(at different r and constant θ) [36] 
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A refined mesh at the crack tip was used to obtain accurate results when analyzing 

the stress field around a crack tip, and to capture the strong gradients near the tip [37]. 

Then, the mesh was biased moderately toward the crack tip in the circular partitioned 

region surrounding the crack tip where the contour integrals are calculated (Figure 4.7). 

The diameter of the inner circular partition used to map the crack-tip mesh was 0.5 mm 

(0.02"), (Figure 4.9). Furthermore, mesh size analysis was performed to choose the best 

element size that provides reliable results within a convenient time in terms of stress 

intensity factors. Figure 4.10 shows that more than 20 elements along the crack front is 

enough to provide consistent SIFs. Therefore, 30 elements along the crack front was used 

such that the element size at the crack tip was 1.27 mm (0.05 in.) which is a/20, and the 

number of elements/semicircle was 20 (θ = 9o <30o).  

When three-dimensional contour integrals are calculated, rings of brick elements 

must be used around the crack tip with wedge elements adjacent to the crack tip [37]. 

Therefore, specimen geometries were meshed by using a 20-node quadratic brick element, 

C3D20R (hexahedral elements) except for around the crack tip (inner tabular partition). 

Around the crack tip a 15-node quadratic triangular prism, C3D15 (Wedge element), was 

utilized to introduce a singularity at the crack tip.  

  

Figure 4.9: Partitions around the crack line 

a) inner ring 
b) outer ring 

a) the smaller inner ring is swept 

meshed using wedge elements 

b) the outer ring is meshed using 

hexahedral elements and the 

structured meshing technique 
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Figure 4.10 Mesh size analysis  

4.7.4 Crack modeling  

Stationary crack subjected to compression loads was defined since calculating the 

stress intensity factor is not required to model crack propagation. The crack is modeled as 

a seam since the crack surfaces in the unloaded state lie next to one another with no gap 

(Figure 4.11). The crack properties (length, direction and position) were defined based on 

the experimental observations. Several cracks with different lengths and locations were 

developed during the test (Figure 4.4), however only the first visible crack initiated at the 

beginning of the R2 region was selected for theoretical calculation (Figure 4.4b). The crack 

length was 25.4 mm (1") and 38.1mm (1.5") width.  
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Figure 4.11 Partitioning the geometry  

based on crack location and length 

 

4.7.5 Finite element modeling results  

The maximum stress intensity factors of mode I (KI) extracted from the ABAQUS 

at different levels of displacement are shown in Table 4.3. Figure 4.12 plots distribution of 

the stress intensity factors through the crack front of the specimen. At the time of the first 

visible crack initiation (beginning of the R2 region) and propagation (within the R2 region), 

the KI was less than the fracture toughness of cement paste. This indicates that within this 

region, cracks were initiated and propagated in a stable manner which approves the 

assigned damage mechanism to the R2 region based on AE data. While within R3 region 

to the end of the test, the stress intensity factor passed the fracture toughness. This specifies 

that R3 region represents unstable crack growth which supports the assigned damage 

mechanism to the R3 region based on AE data.   
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Table 4.3 Finite element results 

 

Beginning 

of R2 

region 

Within R2 

region 

Beginning 

of R3 region 

End of R3 

region 

Time, sec 1080 1380 1638 2000 

Load, kN (lb) 4.2 (959) 6.1 (1388) 8.2 (1851) 10.2 (2300) 

Stress, MPa (psi) 2.9 (426) 4.2 (616) 5.6 (822) 7 (1022) 

Displacement, mm (in) 1.5 (0.06) 2 (0.08) 2.5 (0.1) 3 (0.12) 

Maximum Stress intensity 

factor, KI, MPa. m0.5 (psi.in0.5) 
0.38 (352) 0.51 (470) 0.64 (587) 0.77 (705) 

Fracture toughness, KIC,  

MPa. m0.5 (psi.in0.5) 
0.54 (494) 

 

 

Figure 4.12 Stress intensity factors of mode I (KI) at the crack front  

of the specimen (1 MPa.m0.5 = 910 psi.in0.5) 

4.8 Conclusion 

 In this study, fracture mechanics approaches, including the two-parameter fracture 

model by Jenq and Shah [19] and the finite element method in conjunction with 

experimental observations, were utilized to identify the correlation between damage 

mechnisims and AE activity defined in the previous work [1]. Stress intensity factor (SIF) 
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was calculated and compared to its critical value, fracture toughness (FT) to define the 

stage of unstable crack growth. Conclusions are as follows: 

• The fracture mechanics approach and the finite element method in conjunction with 

experimental observations are effective tools to better describe the behavior of 

cementitious materials under compression.  

• Microcrack initiation and extension defined by AE parameters analysis was verified 

since the stress intensity factor of mode I was less than the fracture toughness of 

cement paste (stable crack growth). 

• Unstable crack propagation defined based on AE data was also verified since the 

stress intensity factor of mode I passed the fracture toughness value. 

• This work shows that AE and the fracture mechanics approach are complementary 

methods to characterise damage sites in cement-based materials. 

Finally, since the proposed strategy was applied on specimens loaded in compression, 

future research could include testing in tension while monitoring with AE. 
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On-Site Acoustic Emission Monitoring for a Prestressed Concrete BT-54 

AASHTO Girder Bridge3 
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5.1 Abstract  

Acoustic emission (AE) data was investigated to better understand damage 

conditions in a three-span prestressed concrete girder bridge during a load test. The 

innovation lies in classification of crack extensions (stable or unstable) during the loading 

and holding processes. The gap in current literature addressed is a paucity of data and 

findings on bridges in operation and having inclined cracks. This manuscript addresses the 

collection and processing of AE signals recorded by piezoelectric sensors attached on two 

interior girders toward the obtuse corner of an exterior span of the bridge while under 

loading. Results showed signs of crack propagation beyond the existing cracks. Damage 

classification procedures based on AE data recorded during one loading and holding step 

provided an indication of diminishing crack extensions as the load hold was continued in 

one girder. Concurrently, signs of unstable crack propagation were shown in the other 

girder. The use of previously developed AE analysis methods to evaluate the condition of 

each girder is discussed. Finally, shear strength analysis using modified compression field 

theory (MCFT) was performed to place the results in context. 

 

Keywords: Load testing; Nondestructive evaluation; Acoustic emission; Prestressed 

concrete bridges; Inclined cracking; Shear; Modified compression field theory; Bridge 

inspection; Condition state  

 

5.2 Introduction 

Because the detection and tracking of potential damage and assessing the influence 

of that damage on the condition of a structure are a part of the service life evaluation, 

methods should be developed to detect the onset of deterioration and enable the monitoring 
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of its growth. Consequently, this study addresses the on-site monitoring of a three-span, 

prestressed concrete BT-54 AASHTO girder bridge exhibiting diagonal cracks in four 

girders of the exterior spans. In this structure most of the cracks now extend past epoxy 

injection and some girders have developed new cracks. The main objective was to classify 

the state of crack extensions (stable or unstable) during the loading and holding process. A 

new condition rating criterion was investigated for use by bridge owners as a warning for 

action. Challenges remain for development of any criterion for existing structures 

experiencing different levels of damage, and more field tests are required.  

Although laboratory specimens that are representative of in-service bridges have 

been tested under flexural and shear loadings and monitored using AE [1-5] only a few 

tests have been conducted on structures such as bridges that are in operation and have 

inclined cracks. The lack of available field data creates challenges in testing prestressed 

concrete girder bridges expected to fail in shear, which may be more sudden than flexural 

failure.  

Several factors including the type of structure, inspection data related to the 

structure’s existing condition, cost, availability, ease of installation, accuracy, and 

resources for data interpretation affect the selection of the most appropriate response 

measurements. Although visual inspection is primarily used in the United States by bridge 

owners to evaluate the condition of bridges, this method is poorly suited for identification 

of hidden defects and damage or those located in areas that are not easily accessible [6]. 

Alternatively, nondestructive evaluation (NDE) techniques have been performed in many 

industries to evaluate the properties of a material, component, or system without impairing 

its future usefulness or causing damage [7]. For the evaluation of shear strength conducted 
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in a laboratory or on-site, several types of NDE sensors and techniques have been used 

including Digital Image Correlation (DIC) [8, 9]; Demec Points [10, 11]; Linear Variable 

Differential Transformers (LVDTs) oriented at 90° to each other [12]; and Acoustic 

Emission (AE) [5, 13-15]. 

The term Acoustic Emission (AE) as used in this study is defined by the American 

Society for Testing and Materials ASTM E1316 as “transient elastic waves generated by a 

rapid release of energy from localized sources within a material” [16]. AE sensors are 

essentially piezoelectric crystals attached to the surface, which detect surface waves and 

convert them into electrical signals that are amplified and processed by associated data 

acquisition systems. AE monitoring has the potential to detect and quantify internal damage 

progression at the microscale level, making it useful for the detection and quantification of 

damage growth in real time. Moreover, it provides the capability to effectively monitor the 

internal condition of a structure under increasing loads and can potentially assist in 

establishing safe load limits [15, 17] and has been used to detect corrosion damage in 

posttensioned specimens with similar accuracy to conventional methods such as half-cell 

potential measurements [18]. One common challenge associated with AE monitoring and 

assessment is the proper interpretation of damage (e.g., crack growth events) and 

distinction from other sources, such as reflections from boundaries, wind-born debris, 

people walking, and tire friction.  

On-site load tests of reinforced and prestressed concrete bridges in different states 

of deterioration have been performed and documented under regular traffic, dump trucks, 

and overloads using AE monitoring techniques [15, 19, 20]. The results of these tests 

indicate AE to be a well- suited method for evaluation of older bridges. In addition, Świt 
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[21] reported the application of AE for identifying active destructive processes and tracking 

their development during the routine operation of various structures including a steel 

bridge, steel columns supporting a structure for a cable car, a gas pipeline, and the My 

Thuan cable-stayed bridge. The recorded AE signals from each field test were grouped into 

classes to which various mechanisms were assigned based on the structure type. 

Several methods have been proposed based on the Modified Compression Field 

Theory (MCFT) [22] to predict the shear strength of reinforced and prestressed concrete 

beams. Three approaches are presented in the AASHTO LRFD Specifications [23] 

including: a) direct calculation, specified in Article 5.8.3.4.2, b) an evaluation using 

tabularized values found in Appendix B5); and c) simplified procedure in Article 5.8.3.4.3 

which is compatible with the concepts of ACI code 318-14 [24]. The MCFT, applied in 

this study, is a general model to predict the shear capacity of reinforced and prestressed 

concrete elements subjected to in-plane shear and normal stresses. The main objective is 

to place the AE results into context.  

This study investigates a damage characterization approach for in-service bridges 

based on a key difference between the AE signals recorded during loading and holding 

steps. Furthermore, previously developed AE analysis methods were investigated to better 

understand results including 2D source location of AE events, intensity analysis, and AE 

signal parameter analysis.   

5.2.1 Bridge description  

The bridge evaluated in this study (NMDOT Structure #9130) is a three-span, 

continuous-for-live-load, prestressed concrete girder bridge. The length of span one is 15.2 

m (50 ft), span two is 21.3 m (70 ft), and span three is 15.2 m (50 ft) (span three was 
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selected for load testing). Each span consists of four prestressed AASHTO Type BT-54 

girders. The bridge is located in Guadalupe County, New Mexico, 0.32 km (0.2 miles) west 

of junction US-285/US-60 and US-54 near Vaughn, New Mexico. It is owned and 

maintained by the New Mexico Department of Transportation (NMDOT), was designed 

according to the AASHTO-LRFD Bridge Design Specifications, 1st edition [25], and 

constructed in 2002. The overall bridge width is 13.1 m (43 ft) while the roadway width is 

12.2 m (40 ft) with a 30-degree skew. The beams are spaced 3.2 m (10.75 ft) apart and 0.8 

m (32 in.) tall concrete barriers are present on the roadway edges, each with a width of 0.45 

m (1.5 ft) (see Figure 5.1).     

 
 

Figure 5.1 Bridge details, a: plan view; b: photograph of the bridge; c: cross section 
 

b 

Span 1 Span 2 Span 3 

15.2 m (50') 15.2 m (50') 21.3 m (70') 
Span 1 Span 2 Span 3, selected for load 

testing 
North face 

North face 

North face 

North face 

South face 

South face 

South face 

South face a 

10.6 m (35') 
Exterior girder 4 

Interior girder 3 

Interior girder 2 

Exterior girder 1 
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5.2.2 Visual inspection 

At the time of the load test (March 20, 2017), the most recent inspection had been 

performed on June 17, 2015 and the National Bridge Inventory (NBI) condition ratings 

were 6 for the deck (satisfactory condition), 5 for the superstructure (fair condition), and 7 

for the substructure (good condition) (on the NBI rating scale, the best condition possible 

is a 9). The inspection report also contains the National Bridge Element (NBE) data for the 

250 m or 820 linear feet (lf) of prestressed concrete girders; 146.3 m (480 lf) were assigned 

to condition state 1 (good condition), 91.5 m (300 lf) to condition state 2 (fair condition) 

due to patching, and 12.2 m (40 lf) to condition state 3 (poor condition) due to cracking 

(Table 5.1). The inspectors recommended continued monitoring of the cracking and epoxy 

injections, as well as a reduction of the inspection interval from two years to one year due 

to the cracks. Span three was selected for the load test since the girders showed more 

extensive cracking than span one and some cracks progressed further over the girder depth. 

Figure 5.2 shows the crack maps of interior girders in exterior span 3 and the maximum 

measured crack widths after load testing. In general, the interior girders showed more 

cracking than the exterior girders, particularly the interior girders closer to the obtuse 

corner (i.e., girder 2 of span three), which is expected since the load distribution is larger 

for these girders. This manuscript focuses on the AE data collected from the sensors 

attached on interior girders 2 and 3.  

According to the AASHTO Manual for Bridge Element Inspection [26], National 

Bridge Element #109 (NBE 109) is defined as a pretensioned or post-tensioned concrete 

open web girder. Four condition states are defined for each type of defect including spalls/ 

delaminated/patched areas, exposed rebar and prestressing, cracking, and 
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efflorescence/rust staining. The condition state definitions for the crack defect (including 

the generalized distress and element commentary of the 2015 interim revisions) are shown 

in Table 5.1. 

Table 5.1 Cracking defect-condition state definitions [26] 

 
Condition state 1 

(Good) 

Condition state 2 

(Fair) 

Condition state 3 

(Poor) 

Condition state 4 

(Severe) 

Definition 

Insignificant cracks 

or moderate-width 

cracks that have been 

sealed (generalized 

distress) 

 

 

Width < 0.1 mm 

(0.004 in.)  

Unsealed moderate-

width cracks or 

unsealed moderate 

pattern (map) cracking 

(generalized distress) 

 

 

Width 0.1-0.23 mm 

(0.004-0.009 in.)  

Wide cracks or heavy 

pattern (map) cracking 

(generalized distress) 

 

 

 

 

Width > 0.23 mm 

(0.009 in.)  

The condition warrants a 

structural review to 

determine the strength or 

serviceability of the 

element or bridge; OR a 

structural review has 

been completed and the 

defects impact strength 

or serviceability of the 

element or bridge 

 

 

                       a) interior girder 2, South face             b) interior girder 2, North face 

 

                      c) interior girder 3, South face              d) interior girder 3, North face 

 

Figure 5.2 Crack maps in span 3 

 

Max. crack width range  

0.1-0.17 mm (0.004-0.007 in.) 
Max. crack width range 

 0.1-0.75 mm (0.004-0.03 in.) 

Max. crack width range 

 0.05-0.75 mm (0.002-0.03 in.) 

Max. crack width range  

0.05-0.25 mm (0.002-0.01 in.) 

cracks 

cracks 

cracks 

cracks 
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5.3 Experimental Program and Instrumentation 

5.3.1 Instrumentation 

Truck loading was applied to span three and two of the four girders in this span 

were instrumented with AE sensors (manufactured by MISTRAS Group, Inc., Princeton 

Junction, New Jersey). Two types of AE sensors were used; two were WDI (broadband) 

and fourteen were R6i (resonant), with an operating frequency range between 100 – 900 

kHz and 40 – 100 kHz, respectively. Double bubble epoxy was used as a coupling agent to 

affix the sensors to the girders. All sensors were placed near the abutment of span 3 in the 

shear region/support areas surrounding the existing cracks in a general layout to cover the 

cracked areas. Eight sensors were attached on girder 2 (four sensors on each face) and eight 

sensors were attached on girder 3 (all on the south interior face). Figure 5.3 shows the AE 

sensor groups; the black circles refer to resonant sensors (e.g., 1R where the ‘R’ stands for 

resonant) and the black squares refer to broadband sensors (e.g., 6B where the ‘B’ stands 

for broadband). AE sensors were divided into groups named as shown in Table 5.2 and 

Figure 5.3. The overview of the sensor distribution is referenced in Figure 5.5 with different 

shapes, one shape for each sensor group. Two AE systems were used to collect the data 

including a Micro-II (8-channel) and DiSP (16-channel) system (both systems 

manufactured by MISTRAS Group, Inc., Princeton Junction, New Jersey). Strain 

transducers were also installed on the bottom flanges of all four girders in span three to 

guide the load test. 

Table 5.2 AE sensor groups 
Group 

number 
Sensors numbers Girder number Girder face/Fig. 3 

1 1R, 2R, 3R, 4R Interior girder 2 South face/Fig. 3a 

2 5R, 6B, 7B, 8R Interior girder 2 North face/Fig. 3b 

3 9R, 10R, 11R, 12R Interior girder 3 South face/Fig. 3c 

4 13R, 14R, 15R, 16R Interior girder 3 South face/Fig. 3c 
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Metric (SI) conversion factors: 1 in. = 25.4 mm 

Figure 5.3 Sensors groups 

 

5.3.2 Load testing protocol 

Two 9.14 m3 (10 yd3) trucks (71.2-kN (16-kip) front single axle, and 213.5-kN (48-

kip) rear tandem axle, as shown in Figure 5.4) were used to load the bridge in ten load 

paths. The first five loading paths were applied in lane one (south driving lane) and paths 

six through ten were loaded in lane two (north  driving lane). This manuscript focuses only 

1R 2R 

3R 
4R 

a) Girder 2-Group 1 

5R 6B 

7B 8R 

b) Girder 2-Group 2 

13R 

9R 

14R 

10R 

12R 

16R 
11R 

c) Girder 3-Groups 3 and 4 

15R 
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on loading paths over girder 2 and 3. Figure 5.5 shows sketches of the maximum loading 

paths on girders 2 and 3 respectively. The trucks were moved longitudinally in 1.52 m (5 

ft) increments up to 10.6 m (35 ft), then to the final position of 15.2 m (50 ft) (the direction 

of loading is referenced by arrows in Figure 5.5). Single lane loading was simulated with 

one truck placed transversely at 3.34 m (10 ft-11.5 in) from the south barrier over interior 

girder 2 and two trucks placed back to back over the same girder (Figure 5.5a). This pattern 

was repeated for interior girder 3 (Figure 5.5b).  

The response to the applied loads is affected by several factors including load 

type/distribution and boundary conditions. The bridge was designed based on the HS20-44 

AASHTO LRFD-1996 truck loading, however, heavier loads are expected and allowed by 

NMDOT as shown in Table 5.3.  

Table 5.3 Allowed moving load 

No. 

Permitted 

Bridge Moving 

Load 

Max. truck 

weight, kN 

(kip) 

Axle wheels weights, kip Comment 

1 Testing truck  284 (64) 

 16 24 24 

 

Available at NMDOT 

2 

Design truck,  

HS 20-44 

320 (72) 

 8 32 32 

 

Design truck per 

AASHTO LRFD-1996 

3 Overload truck 1  427 (96) 

                  10 21.5 21.5 21.5 21.5 

 

Historical overload 

4 Overload truck 2 920 (207) 

  12 21.5 21.5 22 21.5 21.5 22 21.5 21.5 22 

 

Historical overload 

5 Sedan car  
12-20 (2.8-

4.5) 
Based on car type Regular traffic 

 

For structural safety, careful preparations and structural analysis are required [27, 

28]. Therefore, prior to testing, calculations were performed to determine that the bridge 
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would support the test trucks without exceeding the available moment and shear capacity. 

A simplified model of the bridge was created using RISA-2D structural analysis software 

[29]. Several truck loading cases were considered including an HS20 truck, a single test 

truck and two trucks back-to-back (applied during the actual test, see Figure 5.4), and 

historical overloads provided by NMDOT (see Table 5.3). Analysis results provided the 

maximum moments for each load case experienced over span three. The maximum 

moments were calculated at 40% of the span length [6.1 m (20 ft)] as this was the location 

where the strain transducers were placed during the load test. The available moment was 

found by subtracting the dead load moment from the cracking moment. The available strain 

for each girder, ɛavailable/girder, was then determined using equation 5.1 with single and 

multiple lane loading distribution factors, DF, provided by AASHTOWare Bridge Design 

and Rating software [30]. 

𝜀𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒/𝑔𝑖𝑟𝑑𝑒𝑟 = 𝜀𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 × 𝐷𝐹                          (5.1) 

The available strain of 138 μɛ resulted from this equation for interior girders was 

taken as the threshold during testing. Strains measured during the load test were closely 

monitored to not exceed the available strain. The maximum measured interior girder strains 

did not exceed the available strains making it unecessary to stop the loading before 

reaching the final positions (see Table 5.4). Further details for this criterion can be found 

in [31]. 

Table 5.4: Maximum measured strain at 40% of span length [32] 

Load case 
Maximum strain, μɛ 

Interior girder 2 Interior girder 3 

One test truck 45 46 

Two test trucks back-to-back 73 86 
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Figure 5.4 Dump truck axle spacing and weights  

 

Figure 5.5 Two trucks back to back, a) on girder two, b) on girder three 
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5.4 Results and Discussion 

5.4.1 Detection and Assessment of Active Crack Growth  

Acoustic emission data was recorded and post-processed with AEwin software 

[33]. Results are discussed with respect to the maximum loading paths on interior girders 

2 and 3. When the trucks were moved into position (referred to as ‘loading’), AE signals 

with high signal strength were generally detected.  When the trucks were parked to produce 

a desired effect (referred to as ‘holding’) the AE signal strength generally diminished with 

time. However, the rate of decay in the signals varied. Examples of one loading step and 

one holding step (highlighted regions) are shown in Figures 5.6-5.9. In these figures, only 

the data recorded when the rear axles reached the shear region is presented. The detection 

of visible (or nonvisible) crack growth is often related to AE signals having high signal 

strength and generally leading to sharp changes in the slope of the cumulative signal 

strength (CSS) curve [15, 34]. A relatively large number of high amplitude hits (i.e., 

amplitude exceeding 60 dB) and sharp changes in the slope of the CSS curve were observed 

in the AE data as the rear axles entered the shear region – potentially indicating the presence 

of crack initiation and extension (Figure 5.6 through Figure 5.9).    

The level of AE activity was apparently affected by a previously applied injection 

of epoxy in the cracked girders. For example, more AE activity with higher signal strength 

was collected from sensors placed around a visible crack that had not been injected (Sensor 

Group 2, Figure 5.3b) than for a similar crack that had been injected (Sensor Group 1, 

Figure 5.3a), under the same load as shown in Figure 5.6. Prior investigators have 

speculated that sealing of cracks with epoxy injection may be effective in restoring the 

integrity of individual cracks [20]. Furthermore, under loading AE can be generated 
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through rubbing of the cracked surfaces [20], therefore friction between cracked surfaces 

and related AE may be affected by epoxy injection during loading.  

 
 

   Figure 5.6 AE data activity for girder 2 (single truck) 
 

The critical loading for all girders consisted of two trucks positioned back-to-back 

resulting in four axles near the abutment (shear area). All sensors recorded increased AE 

activity and slope changes in the CSS curve as the test continued (Figure 5.7). While the 

presence of epoxy injection affected the AE data for the case of a single truck, differences 

related to epoxy injection were less clear for two trucks back-to-back.  This may indicate 

that epoxy injection is ineffective for more significant loading cases.        

 

Figure 5.7 AE data activity for girder 2 (two trucks back-to-back)  

 

Interior girder 3 was loaded the same as interior girder 2 (AE data is presented in 

Figures 5.8 and 5.9).  Similar AE activity was collected from sensor Groups 3 and 4 as they 
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were installed close to the support and both groups surrounded existing cracks. A larger 

number of AE hits with higher signal strength was observed when two trucks were applied 

over interior girder 3 (Figure 5.9) when compared to one truck (Figure 5.8) when the rear 

axles entered the shear region. 

 
 

Figure 5.8 AE data activity for girder 3 (single truck) 
 

 
 

Figure 5.9 AE data activity for girder 3 (two trucks back-to-back) 
 

 When loadings were concentrated on interior girder 2, decaying AE activity in 

terms of numbers of hits and signal strength were observed during holding, suggestion 

minor progression of crack extension during the hold (Figures 5.6 and 5.7). However, 

loading with two trucks concentrated on interior girder 3 resulted in continuing AE activity 

during holding (Figure 5.9), indicating progression of crack extension during the holding 

period. This suggests unstable crack propagation and warrants further consideration.  

0.00E+00

2.00E+08

4.00E+08

6.00E+08

8.00E+08

1.00E+09

1.20E+09

1.40E+09

40

50

60

70

80

90

100

300 350 400 450 500
C

S
S

, p
V

s

A
m

p
lit

u
d

e,
 d

B

Time, sec.

Amplitude
CSS

0.00E+00

2.00E+08

4.00E+08

6.00E+08

8.00E+08

1.00E+09

1.20E+09

1.40E+09

40

50

60

70

80

90

100

300 350 400 450 500

C
S

S
, p

V
s

A
m

p
lit

u
d

e,
 d

B

Time, sec.

Amplitude

CSS

Holding 

Loading . 

Holding 

Loading . 

a) Sensor Group 3 b) Sensor Group 4 

0.00E+00

5.00E+08

1.00E+09

1.50E+09

2.00E+09

2.50E+09

3.00E+09

3.50E+09

40

50

60

70

80

90

100

300 350 400 450 500 550

C
S

S
, p

V
s

A
m

p
lit

u
d

e,
 d

B

Time, sec.

Amplitude
CSS

0.00E+00

5.00E+08

1.00E+09

1.50E+09

2.00E+09

2.50E+09

3.00E+09

3.50E+09

40

50

60

70

80

90

100

300 350 400 450 500 550

C
S

S
, p

V
s

A
m

p
lit

u
d

e,
 d

B

Time, sec.

Amplitude
CSS Holding 

Loading 

. 

Holding 

Loading 

. 

a) Sensor Group 3 b) Sensor Group 4 



www.manaraa.com

 

105 

 

A comparison of AE features was conducted between the loading and holding 

regions of interior girders 2 and 3 under the same load (two trucks back-to-back). Features 

investigated include amplitude, signal strength, rise time, and duration. Figures 5.10 and 

5.11 indicate that amplitude, signal strength, and duration decay more dramatically for 

girder 2 than for girder 3, and the general trend noticed in the AE data during the hold for 

girder 3 warrants further consideration (for example long term monitoring of this region). 

The general decrease in rise time during the hold for both girders indicate that crack 

extension is more energetic during the loading phase.  

 
 

Figure 5.10 AE data parameters for girder 2 (two trucks back-to-back)  

 

5.4.2 Source localization of acoustic emission events 

Source triangulation algorithms were utilized based on the time of flight feature in 

the AEwin software [33]. Wave speeds were determined on-site through 0.5 mm diameter 

pencil lead breaks conducted at different locations within the sensor grids.  One challenge 

of on-site load testing with AE is controlling environmental noise including wind-born 
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debris, people walking, and tire friction in the case of a partially closed bridge. Therefore, 

background noise testing was collected prior to the actual load tests to establish an 

appropriate test threshold of 42 dB. The proper identification of wave reflections from 

cracks and structural boundaries is an important issue in source location. Source location 

of unfiltered data was first conducted and compared to the existing crack configurations to 

determine whether the results were reasonable and if filtering of the data was required. 

Source localization is challenging for a case such as the damaged girders described herein 

and very precise results are not expected. Rather, general trends in the data are of interest.  

 
 

Figure 5.11 AE data parameters for girder 3, two trucks back-to-back 

 

Figure 5.12 shows the substantial amount of AE events collected during two trucks 

loading on girder 2 from each sensor group (detected during loading and holding). Figure 

5.12a shows an inclined crack growth pattern between sensors 1R and 4R of interior girder 

2, particularly away from the area of the previous epoxy injection. In Figure 5.12b, most 

AE events were observed to be near sensor 5R, where the visible cracks of interior girder 

30

40

50

60

70

80

90

100

325 350 375 400 425 450

A
m

p
lit

u
d

e,
 d

B

Time, sec

Loading

Holding

a) Amplitude b) Signal strength 

c) Rise time d) Duration 

0.00E+00

2.00E+06

4.00E+06

6.00E+06

8.00E+06

1.00E+07

1.20E+07

325 350 375 400 425 450

S
ig

n
al

 S
tr

en
g
th

, 
p

V
s

Time, sec

Loading

Holding

0

2000

4000

6000

8000

10000

12000

325 350 375 400 425 450

R
is

e 
ti
m

e,
 μ

se
c

Time, sec

Loading

Holding

0

5000

10000

15000

20000

25000

30000

325 350 375 400 425 450

D
u
ra

ti
o

n
, 
μ

se
c

Time, sec

Loading

Holding



www.manaraa.com

 

107 

 

2 are located. The events recorded by all sensors suggest that the crack may also be 

progressing (or may have progressed) through the web of interior girder 2. 

Under back-to-back loading on girder 3, Figure 5.13 shows source location events 

gathered from sensor groups 3 and 4 of girder 3 during loading and holding steps, some of 

which may be attributed to reflections. Figure 5.13a shows crack growth between sensors 

9R and 10R on the top side of the girder web near the visible crack. Sensor 13R was also 

attached near a visible crack (Figure 5.13b). Many events were localized near sensor 13R 

and propagated on an incline toward sensor 16R.  

 

1R 

2R 

3R 4R 

crack 

a) Sensor Group 1 



www.manaraa.com

 

108 

 

 

Figure 5.12 AE source location for girder 2 during loading  

and holding, two trucks back-to-back 

 

 
Figure 5.13. AE source location for girder 3 during loading  

and holding, two trucks back-to-back  
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Source localization was also performed to investigate AE events during the 

highlighted holding regions shown in Figures 5.7 and 5.9 with two trucks back-to-back. 

Figure 5.14 shows that very few AE events were located during the holding period for 

interior girder 2. In contrast to this, for interior girder 3 a substantial number of AE events 

were detected and located during the load holding period, indicating crack extension and 

continuing damage as the load hold continued (Figures 5.14c and 5.14e). 

 

Figure 5.14 AE source location during load hold, two trucks back-to-back  

 

5.4.3 Damage quantification using intensity analysis 

 Intensity analysis is a method originally developed to classify damage based on AE 

data in composite pressure vessels [35]. With this method, two parameters (historic index 

and severity) are calculated based on signal strength. Historic index, HI (t), given by Eq. 
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is the average of the 50 events that have the highest signal strength given by Eq. 5.2b [19]. 

Tracking the changes of these two parameters over time provides an indication of the level 

of damage occurring in a structural element. The intensity analysis chart of AE activity is 

generated by plotting the severity values versus the maximum historic index (HI) [19]. 

Events related to increased damage plot toward the top right corner of the intensity analysis 

chart [1, 19]. Eqs. 5.2a and 5.2b for HI and severity are given below: 

H(t)= 
N

N-K

∑ Soi
 N
 i=K+1

∑ Soi
  N
 i=1

                        (5.2a) 

Sr= 
1

50
∑ Soi

i=50
i=1                                               (5.2b) 

where N = number of hits up to a specific time (t); Soi = signal strength of the ith event; 

and K = the empirically derived constant that varies with the number of hits. The value for 

K that has been used in the literature is as follows [1, 15, 36]: (1) not applicable if K = N 

≤ 50; (2) K = N − 30 if 51 ≤ N ≤ 200; (3) K = 0.85N if 201 ≤ N ≤ 500; and (4) K = N − 75 

if N ≥ 501.  

 The intensity analysis method was applied to evaluate the level of potential damage 

(i.e. crack growth) occurring in the shear region under the back-to-back truck paths over 

girders 2 and 3. Figure 5.15 shows that historic index and severity values approach the 

upper right corner of the charts indicating more damage for interior girder 3 in comparison 

to interior girder 2. 

Historic index versus time was plotted for the critical load paths (two trucks back-

to-back). Figure 5.16 shows that interior girder 3 had the highest historic index (numerical 

value of 16.2) and Table 5.4 shows the maximum values of the historic index for two trucks 

back-to-back. All loaded girders generally showed significant increases in the value of 

historic index when the rear wheels of a truck(s) entered the shear region as shown in the 
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highlighted regions in Figure 5.16. Interior girder 3 showed more damage (higher historic 

index) than interior girder 2, although interior girder 2 demonstrated more visible cracking.   

 

 

Figure 5.15 Intensity analysis for girders 2 and 3,  

two trucks back-to-back, during loading and holding 

  

As mentioned in the inspection report, the rating of the superstructure was 5 out of 

9 (fair condition). To relate the AE data to the bridge condition, a rating method based on 

the historic index was developed for consideration (see Table 5.5). The basic idea is to 

expand the defect definitions given in the AASHTO Manual for Bridge Element Inspection 

(2013) for cracking of prestressed concrete members, particularly regarding crack 

propagation as opposed to the width of existing cracks. A proposed definition of each 

condition state is as follows: condition state 2 (fair) corresponds to a “crack that has self-

arrested” while condition state 3 (poor) corresponds to an “identified crack that is not 

arrested but does not warrant structural review”. It is implied that the state of cracking (i.e., 

self-arrested or not arrested) is determined using acoustic emission or another form of 

monitoring. For acoustic emission, in this case the condition states were most closely 

associated with historic index values recorded during loading and holding periods. Interior 

girder 3 was characterized as being in a more critical condition state (i.e., poor) as it has 
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higher HI values, and interior girder 2 was characterized as a less critical condition state 

(i.e., fair) (see Table 5.5). The continuing emission during a load hold, combined with a 

significant number of events located near an existing crack, stand out as potentially 

significant indicators for this girder that likely would not have been discovered in the 

absence of AE monitoring during the load test.    

 While this approach appears useful for the prestressed girders of the bridge under 

consideration, additional testing on similar bridges is needed to develop confidence in the 

approach.   

 

Figure 5.16 Historic index values, two trucks back-to-back 
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Table 5.5 Maximum values of historic index vs. condition state 

Girder ID Load 
Sensor 

group 
HI 

Max. 

HI  

Condition 

State 
Description 

Interior 

girder 2 

Two trucks 

on girder 2 

1 4.0 

4.5 2 (Fair) 
Crack that has self-arrested 

or has been arrested. 
2 4.5 

Interior 

girder 3 

Two trucks 

on girder 3 

3 6.9 

16 3 (Poor) 
Identified crack exists that 

is not arrested. 
4 16 

 

5.5 Shear strength evaluation of bridge girders 

Shear strength evaluation of a BT-54 AASHTO girder was conducted to better 

understand how far the girders are from shear failure and under which load condition cracks 

are more likely to initiate and propagate. Percentages of applied shear to shear capacity due 

to vehicle loads allowed by NMDOT are discussed in this section. Results indicate that a 

crack is predicted to initiate under HS 20-44 truck loading and extend with increasing 

loading, which matches the observed conditions. Considerations for future action are 

discussed.    

5.5.1 Methodology 

Shear strength of a BT-54 AASHTO girder was predicted under vehicle loads 

allowed by NMDOT (see Table 5.3 and Figure 5.17) using the Response-2000 program 

developed at the University of Toronto by Evan C. Bentz [37]. The fundamental theory 

supporting the Response-2000 program is modified compression field theory (MCFT). 

Accuracy of the Response-2000 predictions has been verified with a database of 534 beams 

tested in shear including prestressed and reinforced sections, large footing-like sections, 

sections made with very high strength concrete and elements with unusual geometry [37].  
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First, the maximum shear force and moment of interior girders for the service and 

ultimate limit states were calculated at the critical section (h/2, where h is section height, 

specified by the AASHTO-LRFD Bridge Design Specifications, 1st edition [25]). Equation 

5.3 and 5.4 show the corresponding load combinations.  

𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑙𝑜𝑎𝑑 = 1.0 (𝐷 + (𝐿𝐿 + 𝐼𝑀))                                     (5.3) 

𝑈𝑙𝑡𝑖𝑚𝑎𝑡𝑒 𝑙𝑜𝑎𝑑 = 1.25 𝐷 + 1.4 (𝐿𝐿 + 𝐼𝑀)                              (5.4) 

where D is dead load, LL is live load and IM is impact. The ultimate load cases were used 

to check the load effects induced by the passage of permitted overweight vehicles. In Table 

6.A.4.5.4.2a-1 in the AASHTO Manual for Bridge Evaluation [26], the permit load factor 

equals 1.40 for special or limited crossings, single-trips, mixed with traffic, and the Annual 

Average Daily Traffic (ADTT) = 1000.  This value is chosen based on the ADTT for the 

Vaughn Bridge which is approximately 750 (provided by NMDOT). The section 

dimensions, material properties, reinforcement details (Figure 5.18), and sectional loads 

(moment and shear) were then defined in the program. 

 

Metric (SI) conversion factors: 1 ft. = 0.0254 m, 1 kip = 4.448 kN  
Figure 5.17 Load cases showing trucks positions causing maximum shear 
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Figure 5.18 BT-54 AASHTO girder cross section details  

 

5.5.2 Results and discussion 

The calculated moment and shear under several load cases for the service and 

ultimate limit states are shown in Table 5.6. Figure 5.19 shows that the shear capacity (after 

application of the strength reduction factor of 0.9 based on AASHTO LRFD 2012, table 

5.5.4.2.1) of the section is 1,136 kN (255.4 kip) which exceeds the applied shear for all 

service and ultimate load cases. The maximum shear force caused by the service condition 

of over load 2 and two test trucks back-to-back, and ultimate condition of over load 2 were 

about 51%, 55% and 70% of the shear capacity respectively.  

The Response-2000 simulation considers that cracked reinforced concrete has a 

“smeared” tensile capacity. Figure 5.20 shows the principal tensile stress versus beam 

depth for the service load cases to evaluate the load level at which the cracks are expected 

to form. Once the principal tensile stress exceeds the maximum allowable tensile stress, 

the concrete is expected to crack. Figure 5.20a shows that under the service load condition 

of single test truck, crack initiation has not started; however, Figure 5.20b shows that crack 
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formation is imminent under HS 20-44 design truck loading. Therefore, heavier loads may 

lead to increases in cracking extension as illustrated in Figures 5.20c-5.20e, and as verified 

through visual inspection. 

Table 5.6 Calculated moment and shear under different loading conditions  

Load case 

Service load condition* Ultimate load condition* 

Shear force, 

kN (kip) 

Moment, 

kN.m (kip.ft) 

Shear force, 

kN (kip) 

Moment, 

kN.m (kip.ft) 

Dead load + Testing truck 446 (100) 313 (231) N/A N/A 

Dead load + HS 20-44 (design truck) 477 (107) 335 (247) N/A N/A 

Dead load + Over load 1 545 (122) 381 (281) 731 (164) 511 (377) 

Dead load + Over load 2 578 (130) 414 (306) 798 (179) 557 (411) 

Dead load + Two testing trucks 629 (141) 439 (323) N/A N/A 

*These values were calculated using equations 5.3 and 5.4 

 

 
       * Service condition, ** Ultimate condition 

Figure 5.19 Shear force-shear strain response of the section under different load 

conditions  
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 a) Testing truck                            b) HS 20-44 

 
                                                                      c) Overload 1 

 
                                               d) Overload 2                           e) Two testing trucks 

 

Figure 5.20 Principal tensile stress under service load cases  

 

Based on the results discussed, AE provided insight into crack extension and 

classification which may be promising for structural health monitoring of existing 

structures having inclined cracks. Computational shear strength analysis provided 

additional insight and placed the test truck and other loads into context with regard to 

predicted shear failure. 
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5.6 Conclusion 

This study demonstrates an application of load testing combined with an NDE 

technique (acoustic emission monitoring) to provide insight into the condition of an 

existing prestressed concrete BT-54 AASHTO girder bridge with pre-existing inclined 

cracks. A new damage characterization approach is discussed for classification based on 

acoustic emission data recorded during one loading and holding step. A key finding is that 

damage classification procedures provided an indication of unstable crack propagation in 

one girder during a load hold, warranting further consideration. Due to this finding, long-

term monitoring may be considered to further evaluate crack growth under regular traffic 

loading to better understand the cause of further crack extension.  

Primary conclusions are: 

1. AE source localization algorithms were effective in data visualization (two-

dimensional maps) that related to the visible crack profiles previously marked 

on the girders.  In some cases, the crack extension was indicated in the acoustic 

emission data that was not visibly apparent.  

2. To enable potential implementation of the findings, defect definitions based on 

those in the AASHTO Manual for Bridge Element Inspection were modified to 

incorporate acoustic emission data, arriving at a condition state of ‘poor’ for 

one girder, and ‘fair’ for the other.  

5.7 Recommendations 

1. Because the behavior of the bridge girders under actual traffic loading is likely to 

differ from the behavior observed during the load testing, it is recommended that 
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long-term acoustic emission monitoring be carried out over a period of one year. 

Due to the significant acoustic emission activity observed in girder 3, it is 

recommended that instrumentation be located primarily in the shear region of this 

girder.    

2. For future load tests, it is recommended that crack opening gauges be installed in 

the shear areas for later correlation with acoustic emission data. 

3. Further evaluation of the bridge girders is recommended in the future using short-

term load testing under dump truck loading and long-term monitoring under actual 

traffic loading. Should the girders be strengthened in shear, it is recommended that 

the strengthened girders be monitored with acoustic emission during load testing to 

aid in assessing the effectiveness of the strengthening system.     
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6.1 Summary  

Common forms of deterioration, such as cracking, in concrete materials are caused 

by the heterogeneous nature of concrete, its low tensile strength, and severe environments. 

The condition of the existing structures can be addressed through employing active 

structural health monitoring (SHM) and maintenance strategies. SHM provides useful 

information regarding the ability of the structure to perform its planned function when 

imperative aging and degradation resulting from operational environments or extreme 

events are taken into consideration. Recent advances in technology provide several 

different solutions for monitoring and assessing the condition of a structure’s system. 

Among those solutions is acoustic emission (AE), a passive NDT technique that has the 

potential to detect and quantify internal damage growth at the microscale level in real time. 

Due to the high sensitivity of AE sensors, cracks can be detected long before they are 

visible. Moreover, under increasing loads, this method provides the capability to 

effectively monitor the internal condition of a structure and can potentially assist in 

establishing safe load limits.  

This study focuses on addressing current gaps associated with AE monitoring in 

two ways. AE provides an ability to develop a methodology for detecting and classifying 

micro and macro cracks in cement-based materials and enables us to understand the 

direction from which they initiate and in which direction they expand. This is imperative 

for long-term assessments of concrete and reinforced concrete structures used in nuclear 

waste disposal systems. The second methodology that may be developed through the use 

of AE is the evaluation of the condition of pre-cracked structure elements.  This is due to 

the ability to extrapolate results collected from load tests with which future damage may 
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be predicted. This application establishes the suitability of AE monitoring for field 

conditions and provides further insight for potential complications. 

In the first study, AE monitoring during compressive loading was employed to 

investigate microcrack formation and coalescence in cement paste specimens having 

dimensions of 38.1mm × 38.1mm × 152.4mm (1.5 inch × 1.5 inch × 6 inches). Two sensors 

were attached on all faces except for the front face, which had two additional sensors as 

guard sensors for AE noise filtering. The specimens were loaded at different levels while 

AE data was recorded. Active crack growth was detected and classified using the AE 

parameters amplitude and cumulative signal strength. Three stages of crack behavior were 

observed; initiation of micro-cracking (non-visible crack stage); stable crack growth (one 

to two-inch crack length stage); and unstable cracking (three to six-inch crack length stage). 

Moreover, unsupervised pattern recognition approaches were investigated to separate AE 

data into clusters and assign a damage mechanism to each cluster. In addition, micro-CT 

scanning was employed to investigate the dimensional extent of micro-cracking and to 

correlate the images with AE data. 

In the second study, theoretical predictions on crack propagation were made based 

on fracture mechanics approaches and the finite element method in conjunction with 

experimental observations to identify the correlation between damage mechanisms defined 

in the first study and AE activity. The fracture toughness of cement paste was determined 

using the two parameter fracture model based on the experimental results of a three-point 

bending test. Stress intensity factor (SIF) of mode I, KI, was calculated using the finite 

element model and compared to its critical value or fracture toughness to define the stage 

at which a crack grows in an unstable manner. The results showed that KI passed the FT 
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of cement paste when unstable crack propagation was observed based on AE data analysis, 

while it was less than the FT when the first visible crack was initiated and propagated in a 

stable manner.  

The third study sumarizes the results of AE monitoring to evaluate the condition of 

a three-span, prestressed concrete girder bridge located in Guadalupe County, New Mexico 

during a load test. The 15-year-old bridge has inclined cracks in four girders of the exterior 

spans. Some cracks were injected with epoxy, however, most of the cracks extend beyond 

the epoxy regions, and some girders have developed new cracks. AE data was collected 

from sensors attached on two girders toward the obtuse corner of an exterior span under 

different levels of load. AE data analysis and a source location algorithm were applied to 

assess the response of the structure under load increases and during load holds. The results 

showed signs of crack propagation beyond the existing cracks and indicated that interior 

girder 3 experienced more damage accumulation during load testing than interior girder 2. 

Shear strength analysis using modified compression field theory (MCFT) was performed 

to place the results in context 

6.2 Conclusions of Each Study 

Several conclusions can be drawn from each of the studies.  

6.2.1 Identification of damage mechanisms in cement paste based on acoustic 

emission 

This study summarizes an experimental approach to detect and classify active crack 

growth in cement paste specimens. AE data was utilized to guide the investigations and the 

additional insight was provided by micro-CT scanning at differing levels of ultimate 

capacity. Conclusions are as follows: 
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• AE signal parameters such as amplitude and cumulative signal strength were useful 

for correlation of mechanical damage and AE activity. Abrupt increases in both 

parameters correlated to the occurrence of significant damage in the specimens. 

• Cumulative signal strength was a valuable parameter for understanding crack 

initiation and progression. Based on changes in the slope of the cumulative signal 

strength curve, three different mechanisms were defined and assigned. Those were 

1) microcrack initiation and formation, 2) extension of microcracks, and 3) unstable 

crack extension and coalescence.  

• Unsupervised pattern recognition showed to be suitable techniques to aid in 

discrimination between the AE data based on relationships between signal subset 

features. The AE data was separated into three signal subsets and fracture 

mechanisms were then assigned.  

• Time of occurrence and statistical criteria were beneficial for assigning potential 

mechanisms to the signal subsets because different damage mechanisms are more 

likely to occur in specific time intervals.  

• Unstable crack formation and the propagation of micro-cracks was assigned to two 

signal subsets concentrated near the end of the loading, while micro-crack initiation 

and formation was assigned to the signal subset distributed throughout the test 

period for the B80 and B100 specimens. 

• Micro-crack coalescence was assigned to a signal subset occured near the end 

loading, while micro-crack initiation was assigned to signal subsets distributed 

throughout the test period of B60. Substantiation of these mechanisms was 
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provided through images obtained through micro-CT scanning, showing only 

internal micro-cracks distributed along the specimen length.  

Finally, the findings were in line with the expectations, however, more tests should be 

conducted (e.g. three specimens per loading level) to generate more data and observe the 

signal properties.  

6.2.2 Experimental and theoretical investigation of fracture properties of cement 

paste prisms under compression  

In this study, fracture mechanics approaches, including the two-parameter fracture 

model by Jenq and Shah [18] and the finite element method in conjunction with 

experimental observations, were utilized to identify the correlation between damage 

mechnisims and AE activity defined in the previous work [1]. The stress intensity factor 

(SIF) was calculated and compared to its critical value, fracture toughness (FT) to define 

the stage at which a crack grows in an unstable manner. Conclusions are as follows: 

• The fracture mechanics approach and the finite element method in conjunction with 

experimental observations are effective tools to better describe the behavior of 

cementitious materials under compression.  

• Microcrack initiation and extension defined by AE parameters analysis was verified 

since the stress intensity factor of mode I was less than the fracture toughness of 

cement paste (stable crack growth). 

• Unstable crack propagation defined based on AE data was also verified since the 

stress intensity factor of mode I passed the fracture toughness value. 

• This work shows that AE and the fracture mechanics approach are complementary 

methods to characterise damage sites in cement-based materials. 
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Finally, since the proposed strategy was applied on specimens loaded in compression, 

future research could include testing in tension while monitoring with AE. 

6.2.3 On-site acoustic emission monotoring for assessment of a prestressed concrete 

BT-54 AASHTO girder bridge 

This study demonstrates an application of load testing combined with an NDE 

technique (acoustic emission monitoring) to provide insight into the condition of an 

existing prestressed concrete BT-54 AASHTO girder bridge with pre-existing inclined 

cracks. A new damage characterization approach is discussed for classification based on 

acoustic emission data recorded during one loading and holding step. A key finding is that 

damage classification procedures provided an indication of unstable crack propagation in 

one girder during a load hold, warranting further consideration. Due to this finding, long-

term monitoring may be considered to further evaluate crack growth under regular traffic 

loading to better understand the cause of further crack extension.  

Primary conclusions are: 

• AE source localization algorithms were effective in data visualization (two-

dimensional maps) that related to the visible crack profiles previously marked 

on the girders.  In some cases, the crack extension was indicated in the acoustic 

emission data that was not visibly apparent.  

• To enable potential implementation of the findings, defect definitions based on 

those in the AASHTO Manual for Bridge Element Inspection were modified to 

incorporate acoustic emission data, arriving at a condition state of ‘poor’ for 

one girder, and ‘fair’ for the other.  

 



www.manaraa.com

 

130 

 

APPENDIX A 

COPYRIGHT PERMISSION 



www.manaraa.com

 

131 

 

 

 

 

 


	Damage Evaluation of Concrete Structures Using Acoustic Emission
	Recommended Citation

	tmp.1571834582.pdf.cZBPd

