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Abstract 

 

 This paper documents the development of an AE technique for monitoring and quantifying 

the demand on anchorage zones of the flexural-tension steel reinforcement in full-scale bridge 

bent caps. Bent caps are deep transverse bridge beams that support the longitudinal girders and 

transfer loads into the columns. The horizontal flexural-tension reinforcement at the bottom of 

the bent cap is anchored into the columns and acts as a crucial structural element. Pull-out or an-

chorage failure could lead to system collapse since this member is non-redundant. A new ap-

proach to monitor the column anchorage zone and to quantify the maximum demand of rebar 

pull-outs by means of quantitative AE is presented and applied to test data on full-size bent col-

umn anchorage sub-assemblages. 
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Introduction 

 

 Large numbers of conventionally reinforced concrete deck-girder (RCDG) bridges were con-

structed during the federal highway system expansion of the 1950s. During this time period, re-

search developments on anchorage of reinforcing bars resulted in rapid changes to design speci-

fications and practice. Specifically, the geometric standardization of deformed reinforcing bars in 

ASTM A305-50 resulted in higher allowable stresses with reduced detailing requirements. Fail-

ures later in the decade revealed that the contemporary design practice was inadequate. By the 

early 1960s, design specifications were amended and at the same time, pre-stressed concrete be-

gan to supersede conventionally reinforced concrete for bridge construction. 

 

 One concern of the design found in existing bent caps is the detailing of the anchorage zones 

in bent caps. The flexural-tension reinforcement at the bottom of a bent cap is anchored into the 

bent column. For many bridges, these rebars are straight (not hooked) and terminated so that 

minimum concrete cover (cc) is provided at the tail. This is normally around cc = 38 mm. The 

typical anchorage length provided in a 610-mm-square column is only around ld = 572 mm. The 

development length (ld) required by the current AASHTO-LRFD (2004) specification for a bar 

with a diameter of db = 36 mm (#11) is: 
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which results in ld = 1490 mm assuming Grade 60 (fy = 414 MPa) rebar steel and concrete com-

pressive strength of fc’ = 28 MPa. This required development length is more than 2.5 times 
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greater than the available anchorage length (although Grade 40 (fy = 276 MPa) rebars were gen-

erally used in mid-20th century bridge construction). 

 

Experimental Setup and Load Protocol 

 

 To better understand the behavior and structural mechanics during a rebar pull-out, reduced 

bent column sections were designed, constructed, and loaded until failure [1]. Figure 1 illustrates 

a test specimen with applied force P and the support reactions P/2. The force was applied with 

hydraulic cylinders supplied by a manually activated pump. Load cells measured the applied 

force. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

The overall dimensions of the tested bent column sub-assemblages were l x b x h = 1830 x 

610 x 610 mm. Each specimen had four Grade 60 steel reinforcing bars with diameter db = 36 

mm in the corners as well as one in the center for the actual pull-out. The embedment length for 

the pull-out rebars were chosen as ld = 533 mm and ld = 305 mm for specimen 1A and 1C, re-

spectively. Ties were Grade 60 db = 13 mm (#4), spaced at s = 203 mm.  

 

 Both specimens were loaded using load steps (LS) with increasing amplitude followed by 

unloading until failure was reached. A Vallen AMSY-5 system with eight channels was used to 

monitor AE activity. For specimen 1A, eight broadband DECI SE1000-H sensors were used and 

for specimen 1C eight resonant Vallen SE150-M sensors. According to the calibration sheets, the 

variation of frequency response was 4 dB and 20 dB for the broadband and resonant sensors, re-

spectively (for a frequency range between 40 and 250 kHz). For non-AE data acquisition, the 

software DASYLab 8 was utilized. The deformation of the pull-out rebar at the top and bottom 

ends was monitored during the experiment as well as support movements. 

 

Figure 2 shows the applied force on the pull-out rebar and localized AE events for specimen 

1A. Note that a filter (LUCY) was set to exclude inaccurate localization results (see next section 

for description). The experiment ended after reaching a force of Pmax = 492 kN when the rebar 

started to enter strain hardening. Most of the AE events were produced in load step five (indi-

cated by arrow) when the first visible surface crack formed on the specimen. 

 

In Fig. 3, the applied force on the pull-out rebar and recorded AE events for specimen 1C are 

shown. The experiment was discontinued after reaching a force of Pmax = 382 kN when the rebar 

pulled out of the concrete. In load steps five and six, the majority of AE events were generated 

Fig. 1  Elevation and side view of a test specimen for rebar pull-out tests. 
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(indicated by arrows). Again, this corresponded well with the occurrence of major cracks on 

the specimen surface. 

 
Fig. 2  Applied force vs. localized AE events for specimen 1A. 

 
Fig. 3  Applied force vs. localized AE events for specimen 1C. 

 

3-D AE Event Localization 

 

 In a first step, 3-D AE event localization was performed. The arrival-time picking was im-

proved by introducing a floating threshold dependent on the recorded background noise. A factor, 

sometimes called crest factor, is multiplied by the background noise voltage to determine the 

threshold. This crest factor was set to 8.0 and 13.0 for the broadband and the resonant sensors, re-

spectively. The threshold updating interval was set to 1.0 second. Pencil-lead breaks were per-

formed on the surface of one of the specimens to quantify localization errors and variability in re-

sults. It was found that including five to seven signals in the computation leads to the most accurate 

localization results. For this study, only the first five arrival times within an AE event were in-

cluded to maximize the number of localized AE events. This turned out to be helpful in later stages 

of the experiment where developed cracks distorted stress wave paths and increased localization 

errors. A comparison with 26 real AE events recorded from one load step was performed using Po-

larAE, a program developed at the University of Stuttgart, Germany. The average spatial differ-

ence of the results over all events was found to be xyz = 16 mm between the two programs. It was 

concluded that the developed picking and localization options available with the commercial prod-

uct used for this study was sufficiently accurate for this experiment and the specimen size. A filter 

setting to eliminate inaccurate localization results was set to LUCY  51 mm. LUCY stands for 
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location uncertainty and is the root-mean-square of the difference between calculated and observed 

distances between source and sensor that is calculable when at least five arrival times are available. 

It describes how well a calculated source position explains the observed arrival time differences. 

Unfortunately, LUCY does not contain any directional information. A better representation of the 

uncertainty would be the principal standard deviations of the numerical least-squares solution. 

 

 

Fig. 4  AE event localization results for specimen 1A. 
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Fig. 5  AE event localization results for specimen 1C. 

 

The first author of this paper has implemented a localization algorithm in MatLab based on 

Geiger’s method that plots 3-D error ellipsoids with principal standard deviations as axes for 

each localization result. In future analyses, this algorithm will be used to enhance interpretation 

of localization results.  
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Figures 4 and 5 illustrate all localized AE events during the experiment. The green circles ( ) 

represent AE events that occurred during the load steps before the major failure (macro-) crack 

formed, the yellow triangles ( ) the AE events between that observation and the failure load 

step, and the red squares ( ) the AE events during the final load step when the experiment was 

terminated due to rebar strain hardening and pull-out for specimen 1A and 1C, respectively. The 

circles represent spatial clusters of AE events that occurred within a sphere with a diameter of 51 

mm, which indicates localized activity in a certain area. The numbered yellow cylinders illustrate 

the AE sensors mounted on the surface of the specimen. 

 

It can be observed that there were fewer localized AE events for specimen 1A than 1C. The 

reason was that one of the sensors for specimen 1A did not work properly and the utilized 

broadband sensors are less sensitive than the resonant ones. 

 

 Indicated with a dashed line in Figs. 4 and 5 are the spatial filter settings used for the analysis 

of AE event cloud front, to be described subsequently. Only AE events that were identified in-

side the cube were taken for further analysis. This volume was chosen as a cube with a side 

length equal to the embedment length of the pull-out rebar, i.e. ld = 533 mm and ld = 305 mm for 

specimen 1A and 1C, respectively and centered about the rebar. 

 

AE Event Cloud Front Analysis 

 

 Many experiments on monitoring of AE activity during rebar pull-out experiments can be 

found in the literature [2-5] and both qualitative as well as quantitative AE evaluation methods 

have been applied to the test data. This study intends to use AE event localization as a quantita-

tive means to describe the demand on the pull-out rebar during a load test. The central idea is 

that there should be an evolution of the location of the captured AE events while going to higher 

load levels. 

 

 Bond stresses are assumed as uniform and their integration leads to a linearly increasing re-

bar stress over the embedment length. Based on this idealized bond stress distribution, it was ex-

pected that AE events are created when a certain stress threshold is crossed along the embedment 

length (ld). As higher forces are applied to the pull-out rebar, the higher the stress gradient be-

comes, and AE events should therefore progress along the embedment length away from the free 

surface of the specimen. The AE event cloud front was identified as the location of the upper 

quartile (75%) of all localized AE events within one complete load step. A normal distribution of 

AE events was assumed for statistical evaluation. The depth of progression for this cloud front 

was then expressed as a percentage of the embedment length and given the variable name q. 

 

Figures 6 and 7 illustrate the progression of the AE event cloud front for all load steps of the 

two specimens. The y-coordinate corresponds with the longitudinal orientation of the pull-out 

rebar. Statistical values such as median and mean with 95 % confidence bands for localized AE 

events are given as well as the AE event cloud front (thick dashed line). Some of the first load 

steps were not included in the analysis because too few AE events occurred. 

 

Conclusions and Future Work 

 

A clear trend of progression of the AE event cloud front from one load step to the next can be 

found for specimen 1A, which supports the proposed hypothesis. For specimen 1C, the trend is less 

clear. This could be due to the fact that only few localized AE events were created. Generally, after  
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Fig. 6  AE event cloud analysis for load steps 3 through 7 of specimen 1A. 

 
Fig. 7  AE event cloud analysis for load steps 2 through 9 of specimen 1C. 
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big cracks form, localization of AE events becomes more difficult due to distortion of the media. 

Stress waves travel longer and more convoluted paths, which lead to bigger errors in the computed 

source location. The maximum value for the progression of the AE cloud front was found to be q = 

75% for specimen 1A where the rebar did not pull-out (experiment discontinued after rebar entered 

strain hardening) and q = 96% for specimen 1C where the rebar pulled out of the concrete. It ap-

pears that this maximum value could be taken as an indication of the maximum rebar demand. 

 

In a next step, the behavior of other rebar configurations (two and four rebars) with applied 

normal forces (similar to a real bent cap) will be studied. The final goal will be to evaluate AE 

data collected from full-scale bent cap experiments and use AE event localization to quantify an-

chorage demands at overall member failure. 
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