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Abstract 
 

This investigation studies the effects and potential inconsistencies that can arise when acous-
tic emission (AE) criteria are applied to a cyclic load test (CLT) for damage evaluation of pre-
stressed concrete girders. The CLT with AE criteria has recently been proposed for damage de-
tection and structural evaluation of reinforced concrete flexural members. Attempts to develop 
the evaluation criteria placed limited attention on the effectiveness of the AE criteria within a 
CLT loading profile, resulting in apparent contradictions of AE criteria when applied for damage 
assessment in concrete members. The contradictions are sometimes produced by the lack of 
standardization in the application of the evaluation criteria throughout the loading profile. Re-
sults of the current study emphasize the necessity of calculating the Calm and Load Ratio values 
in a consistent manner when applying a cyclic load test loading profile. More consistent evalua-
tion can also be obtained if parameters such as signal strength or energy are utilized. 
 
Keywords: Calm ratio, load ratio, cyclic load test, pre-stressed concrete. 
 
Introduction 

 
AE evaluation is a promising alternative for structural assessment and damage detection for 

civil structures [1].  AE techniques have demonstrated superior sensitivity for damage detection 
over traditional approaches but still lack the holistic means required for a coherent integrity 
evaluation. This investigation aims to identify and address potential inconsistencies caused by 
application of AE criteria to a cyclic load test profile, similar to the one used for the CLT method 
as described in ACI 437 [2], and to others that have been used in previous AE investigations. 
The outcomes seek to improve the application of current AE assessment criteria for structural 
evaluation, and will constitute an important step towards the integration of AE techniques with 
CLT methodologies for pre-stressed concrete structures. 

 
AE evaluation has been applied to a variety of civil engineering materials including steel, re-

inforced/pre-stressed concrete, and fiber-reinforced plastics (FRP) [1, 3].  The loading profile 
associated with the AE method is generally applied in a load-set fashion (Fig. 1a) that facilitates 
the detection of changes in activity during loading and reloading. Several types of loading pro-
files can be found in the literature and they generally correspond to special conditions involved 
in the particular study (type of material, static or dynamic loading, expected failure mode, etc.). 
Load is applied in a stepwise fashion to minimize noise and to facilitate evaluation of the data. 

 
The Cyclic Load Test (CLT) method of structural evaluation as fully described in ACI 437 

[2] is solely based on load versus displacement behavior and does not incorporate AE data. With 
the CLT method of evaluation, the stepwise loading pattern is executed to enable assessment of 
deviation from linearity in the load versus displacement response (Fig. 1b). With this method of 

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
44

72



 

 43  

evaluation, each load-set consists of two identical load cycles to enable evaluation of the perma-
nency and repeatability criteria. Loading profiles for both methodologies (cyclic load test and 
AE) are similar, but challenges exist to integrate both procedures. 
 

 
a) AE loading profile.     b) Cyclic loading test loading profile [2]. 

Fig. 1. Schematic of loading profiles. 
 
For bridge and building elements two primary approaches to evaluation of AE data have been 

proposed. The first can be referred to as the Calm Ratio versus Load Ratio plot as described in 
Ohtsu et al. and elsewhere [4, 5]. See also [6-11]. The majority of investigations have been car-
ried out on passively reinforced concrete specimens. However, the investigation described in Xu 
[9] focused on reduced-scale pre-stressed specimens. The second method is referred to as Inten-
sity Analysis (plot of Severity versus Historic Index) as first proposed by Fowler et al. [12] for 
fiber reinforced vessels and later described in Golaski et al. for concrete bridge elements [13]. A 
variation on this approach that utilized high amplitude hits was later proposed by Tinkey et al. 
[14] for concrete box girders. This study concluded that Intensity Analysis may not be appropri-
ate for distributed heavy damage.    
 
Background 
 

Loading profiles for evaluation of AE data are generally designed to account for the Kaiser 
effect. This is achieved through the application of a stepped loading pattern, which subjects the 
structure to multiple load steps at increasing levels until the maximum test load is attained. For 
civil engineering structures in general and for pre-stressed concrete members in particular, stan-
dardized procedures to determine the adequate number of steps, load levels, rate of loading and 
unloading, duration of the load holds, and the maximum test load are still in development. These 
parameters are crucial for the development of a practical testing methodology and for acquisition 
of meaningful AE data. 
 
Calm Ratio versus Load Ratio (NDIS-2421): The Japanese nondestructive inspection standard 
2421 (NDIS-2421) [5] proposes a combination of Calm Ratio (CR) and Load Ratio (LR) values 
as an evaluation criterion to assess the level of damage in reinforced concrete flexural members. 
This approach plots values of Calm Ratio versus Load Ratio for each load-set (or for individual 
load cycles), and later divides the graph into four zones of damage (Fig. 2). This method has 
been studied in reinforced concrete [6, 8, 11] and its application has been extended to pre-
stressed members with promising results [7, 9]. However, this method of damage assessment 
faces a few inherent challenges. First, the manner in which the graph is partitioned allows for 
two far distant damage levels (Minor and Heavy) in very close proximity to one another. This 
does not correspond to physical reality and therefore impedes a straightforward quantification of 
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damage. Additionally, a paucity of published experimental data combined with significant dis-
persion of the data found in previous investigations has impeded the location of damage thresh-
olds in the absence of an external criterion, such as crack mouth opening displacement. 
 
Load Ratio: Also referred to as Felicity ratio or Concrete Beam Integrity (CBI) ratio, Load Ratio 
is a critical parameter for AE monitoring. The Load Ratio has been observed to decrease with the 
accumulation of damage. This ratio is inversely related to the reduction in AE activity during 
loading until the material is stressed beyond its previous stress level, also known as the Kaiser 
effect [4].  
 
Calm Ratio: Calm Ratio is calculated as the ratio of total cumulative acoustic emission activity 
during the unloading phase to total cumulative AE activity during the entire loading cycle. One 
crucial aspect related to computation of the Calm Ratio is the type of AE parameter selected for 
evaluation. Some authors [6, 8, 9] have used the total number of hits during loading and unload-
ing for this purpose. Data gathered from the flexural specimens of pre-stressed concrete in the 
current investigation indicates that the number of hits may not be appropriate for calculation of 
this ratio and may result in disruption of the cumulative damage trend. 

 
A consideration of equal importance is the selection of the load cycles in the loading profile 

where the Calm Ratio is to be computed. When AE techniques are implemented along with the 
CLT method, the Calm Ratio can be either calculated on the initial loading cycle or the reloading 
cycle of the load-set. In some cases the AE data of the loading cycle has been combined with the 
activity of the reloading cycle [10]. There is currently little agreement about which of these al-
ternatives constitutes the better approach. As shown later, this consideration has a significant 
impact on the Calm Ratio evaluation criterion, and also the Load Ratio criterion to a lesser de-
gree.  

 
Fig. 2. Calm Ratio versus Load Ratio [6] (redrawn for clarity). 

 
Experimental Procedure 

 
This investigation analyzes experimental data gathered from the four-point flexural testing of 

six full-scale pre-stressed girder specimens. The first set of specimens consists of two self-
consolidating concrete girders (SCC-1 and SCC-2) and one high early-strength concrete girder 
(HESC). The second set of specimens contains two self-consolidating lightweight concrete gird-
ers (SCLC-1 and SCLC-2) and one high early strength lightweight concrete girder (HESLC). 
The specimen nomenclature was chosen as follows: ‘concrete type (SCC, HESC, SCLC, or 
HESLC) - specimen number associated with concrete type’.    
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Fig. 3. Cross section details. 

 

 
Fig. 4. Loading profiles 

 
Specimen details: All girder specimens were AASHTO Type III with a span of 17.7 m and a 
depth of 1,143 mm. A concrete mix with a 28-day design compressive strength of 55.2 MPa was 
used to cast the girders, and a 27.6 MPa concrete deck (design strength at 28 days) was cast in 
the laboratory on top of each girder prior to testing. The concrete deck was 2.44-m wide and 
203-mm deep for the normal weight girder specimens and 762-mm wide by 483-mm deep for the 
lightweight concrete girder specimens (Fig. 3). All girders were pre-stressed using 22 low relaxa-
tion strands having 12.7-mm nominal diameter and a tensile strength of 1.86 GPa. A 138-kN pre-
stressing force was applied to each strand prior to release. 
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Internal and external instrumentation: Five vibrating-wire strain gages were installed within the 
girders to monitor long-term strain for pre-stress losses and other variables. Instrumentation was 
outfitted externally on both the girder and deck to measure and record displacement and concrete 
strain data. Two draw-wire transducers placed at mid-span were used to measure deflection of 
the girder.   

 
Strain gages were adhered to the top of the deck and at the bottom of the girder. The strain 

gages were oriented in the longitudinal direction in relation to the deck and girder, and were lo-
cated at the midpoint between the hydraulic rams. Cracks were marked on the girders with per-
manent markers as they developed, so cracking patterns at different load levels could be readily 
identified. Further information can be found in the related SCDOT research reports for both 
normal and lightweight concrete girder types [15, 16].   

 
Loading patterns: The loading profiles for both sets of girders are shown in Figs. 4a and b.  The 
loading values were developed with consideration to the calculated nominal capacity of the nor-
mal weight concrete girder specimens. A total test load (maximum load applied) of 712 kN was 
selected, which is approximately 73% of the measured load capacity of these girder specimens, 
and 84% of the calculated load capacity. Prior to loading according to the above loading profiles, 
girders SCC-2 and SCLC-2 were subjected to fatigue loading for 2,000,000 cycles. A summary 
of the girder specimens used for this investigation is provided in Table 1 and numerical values of 
each load-set are shown in Table 2.  
 

Table 1: Summary of girder specimens. 
 

 
 

Specimen 
Name 

 
 

Loading 
Type 

Cracking 
Load 
(kips) 

Fatigue 
Load 
(kips) 

 
Age of girder 

at release 
(days) 

Age of 
girder at 
testing 
(days) 

 
Age of deck 

at testing 
(days) 

SCC-1 Static 89.9 - 2  270 200 
SCC-2 Fatigue 89.9 100 2  900 300 
HESC Static 89.9 - 2  470 100 

SCLC-1 Static 125 - 16 315 50 
SCLC-2 Fatigue 125 120 16 555 90 
HESLC Static 125 - 16  490 60 

 
   Table 2: Load-set values. 
 

Load-set 
Load,  
kip (kN) 

1 32 (142) 
2 64 (285) 
3, 4 96 (427) 
5, 6 128 (569) 
7, 9 160 (712) 
8, 10 96 (427) 
11 192 (854) 
12 224 (996) 
  

 
 

 
The total test load for the normal weight girders was also 

applied for lightweight girder specimens SCLC-1 and HESLC. 
The lightweight girders had a higher calculated nominal ca-
pacity (Pn) of approximately 1.25 MN due to the modified 
deck geometry. Therefore, for SCLC-1 and the HESLC girder, 
the maximum test load was approximately 57% of the calcu-
lated load capacity. The total test load applied to girder SCLC-
2 was increased to include load-sets 11 and 12 (at 68% and 
80% of calculated capacity) as shown in Fig. 4b.   

 
AE monitoring: AE activity was monitored continuously dur-
ing the application of the CLT procedures. Six R6i AE sensors 
(resonant in the vicinity of 60 kHz with integrated pre-
amplification of 40 dB, manufactured by Mistras Group, Inc.) 
were mounted on one side of each girder specimen. The soft- 
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ware used for data collection and visualization was AEWin. All data was collected on a DiSP 
system, also manufactured by Mistras Group, Inc. The sensor layout was symmetric about an 
axis located midway between the loading points (Fig. 5). A 48-dB test and evaluation threshold 
was used for all specimens.  

 
Fig. 5. Acoustic emission sensor layout. 

 

 
Fig. 6. Effect of repeat loadsets on Load Ratio (lightweight girder specimen). a)  Effect of repeat 
loadsets, b) Averaged data without repeat loadsets. 
 
Experimental Results 
 
 The experimental results are discussed in terms of the damage state of each set of girder 
specimens. The effect of repeated load-sets on the Load Ratio evaluation is first discussed, fol-
lowed by a discussion of the trends in the Calm Ratio versus Load Ratio plots. Cumulative en-
ergy was used instead of total hits for calculation of the Calm and Load ratios.   
 
 For both sets of girder specimens, the Minor, Intermediate, and Heavy damage zones were 
determined based on load versus displacement behavior. Detailed descriptions related to the as-
sessment of the damage zones for the specimens used in this investigation are provided in [7]. 
For the normal weight girder specimens, the lines of delineation for Minor/Intermediate and In-
termediate/Heavy damage are 533 kN and 587 kN. For the lightweight girder specimens, the 
lines of delineation for Minor/Intermediate and Intermediate/Heavy damage are 720 and 845 kN. 
These damage zones are superimposed on the loading profiles shown in Figs. 4a and b.      
   
Load ratio: Values of Load Ratio as a function of the applied load for the lightweight girder 
specimens are shown in Fig. 6a.  Load-sets 6 and 8 are not shown because they experienced little 
AE activity due to the Kaiser effect. As expected, as the load is increased the Load Ratio is re-
duced. Oscillations in this general trend occur for load-set 9, which is a repeat of load-set 7. For 
comparison, a similar plot utilizing averaged values of the Load Ratio versus applied load (as a 
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percentage of calculated load capacity) is shown in Fig. 6b, where a more consistent trend is ob-
tained in the absence of repeat load-sets. 

 
For the Load Ratio, the effect of repeat load-sets on the criterion can be difficult to identify 

due to the subjective determination of the load at the onset of significant AE during reloading. 
The reduction in the AE activity during reloading cycles flattens the curve of released energy, 
impeding the unambiguous location of this point [7, 10]. Even though there can be differences in 
the values of the Load Ratio when calculated based on initial load-sets, the oscillations are more 
significant when repeat cycles are used for evaluation.  The Load Ratio has been observed to be a 
more stable criterion than the Calm Ratio in this and other investigations [6].   

 

 
Fig. 7. Damage trend with Calm Ratio based on initial load cycle. a) Normal weight girder 
specimens, b) Lightweight girder specimens. 
 
Calm Ratio versus Load Ratio (NDIS-2421): A plot of Calm Ratio versus Load Ratio is shown in 
Fig. 7a for the normal weight girder specimens and in Fig. 7b for the lightweight girder speci-
mens. For these figures the Calm Ratio was calculated using the initial loading cycles, and re-
sults from only the initial load-sets are plotted (load-sets 3, 5, and 7 for the normal weight girder 
specimens; and load-sets 5, 7, 11, and 12 for the lightweight girder specimens). 

 
For the normal weight girder specimens (Fig. 7a) the delineations between Minor, Intermedi-

ate, and Heavy damage zones were determined based on the load versus displacement behavior 
of the specimens combined with visual observation of cracking patterns [7]. For these specimens, 
load-set 3 is well within the Minor zone, load-set 5 is in the middle of the Intermediate zone, and 
load-set 7 falls within the Heavy zone. For the lightweight girder specimens, load-set 5 falls 
within the Minor zone, load-set 7 is at the boundary of the Minor and Intermediate zones, load-
set 11 is at the boundary of the Intermediate and Heavy zones, and load-set 12 falls well within 
the Heavy damage zone. Damage zone classifications are summarized in Table 3.         

 
Normal weight girder specimens: For the normal weight girder specimens (Fig. 7a), the limits for 
the damage zone classifications on the Calm Ratio versus Load Ratio plot were established based 
on the observation that load-set 3 is well within the Minor zone, load-set 5 is in the Intermediate 
zone, and load-set 7 is in the Heavy zone. The lines of demarcation that correspond to this ob-
served behavior are at Load Ratio = 0.75 and Calm Ratio = 0.25. With these values established, 
the behavior of increasing damage is apparent on the Calm Ratio versus Load Ratio plot for all 
three specimens, and the results are well grouped for the specimens (HESC, SCC-1, and SCC-2).  
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Table 3: Damage zone classifications. 
 

 Damage Zone Classification 

Specimen Type Minor Minor/ 
Intermediate Intermediate Intermediate/ 

Heavy Heavy 

Normal weight 
girders 

loadsets 
1-4, 8, 10 none loadsets 5, 6 none loadsets 7, 9 

Lightweight 
girders 

loadsets 
1-6, 8, 10 loadsets 7, 9 none loadset 11 loadset 12 

                  

 
Fig. 8. Effect of calculating Calm Ratio based on repeat cycle (Normal weight girder specimens). 
 

The values for both Load and Calm ratio are slightly lower than those described in Schu-
macher [6] and Lovejoy [11]. This is not surprising as those studies focused on passively rein-
forced specimens with a failure mode dominated by diagonal tension. It also seems that the Calm 
Ratio values in those studies may have been calculated based on the cumulative number of hits 
during unloading/cumulative number of hits during loading (as opposed to using the cumulative 
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number of hits during the entire loading cycle/cumulative number of hits during loading). Addi-
tionally, the ratios were calculated only for the overloads in the Schumacher study [6].       

 
Figure 7a was established with calculation of the Calm Ratio based on the initial load cycle 

of a particular load-set. Figures 8a–c illustrate the effect of calculating the Calm Ratio based on 
the repeat load cycle of a particular load-set. Here an important phenomenon can be observed; 
Calm Ratio values when calculated based on load cycles at the same load level as the preceding 
load-set (referred to as ‘repeat’ load cycles) result in substantially increased values of the Calm 
Ratio for all three specimens. This is true even though the damage in the specimen has not 
changed. This is caused by the Kaiser effect, producing a drastic reduction in the AE activity 
during loading of the repeat load cycle in comparison to the activity during loading of the initial 
load cycle. The AE activity during unloading of these pre-stressed concrete specimens is rela-
tively unchanged between the initial and repeat load cycles, thereby creating the amplification in 
the Calm Ratio values when calculated based on the repeat load cycle.     

 
The amplification of the Calm Ratio values is particularly strong in pre-stressed beams be-

cause strong activity is present during unloading regardless of whether the cycle is a repeat cycle 
or initial cycle. Emission during unloading is largely due to friction that is caused by the 
prestressing force as the cracks close. Magnification of the Calm Ratio within repeat load-sets is 
more predominant when the girder has been loaded substantially beyond cracking. The cracking 
load for the normal weight girder specimens was approximately 400 kN (89.9 kips), correspond-
ing to load-set 3 and above. The amplification for load-set 3 is significantly less than for load-
sets 5 and 7 for all three specimens.   

 
Calm Ratio values for load-set 3 of SCC-2 were not amplified in the repeat load cycle. This 

is attributed to the fact that this girder was subjected to fatigue loading at a level of 445 kN (100 
kips) prior to conducting the loading protocol, and this level of load was slightly in excess of 
load-set 3. The fatigue loading served as a previous loading, and therefore the activity during 
loading of the initial load cycle was similar to that of the repeat load cycle for this case. It is also 
noted that the Load Ratio for load-set 3 was higher than for the other two girders, most likely 
because this girder was subjected to fatigue loading. This effect is as expected for this level of 
load and similar behavior has been reported elsewhere [11]. For load-sets above load-set 3 the 
Load Ratio for SCC-2 was reduced compared to the two girders that were not loaded in fatigue.    

 
Lightweight girder specimens: For the lightweight girder specimens (Fig. 7b), the limits for the 
damage zone classifications on the Calm Ratio versus Load Ratio plot were established based on 
the observation that load-set 5 is within the Minor zone, load-set 7 is at the Minor/Intermediate 
zone threshold, load-set 11 is at the Intermediate/Heavy zone threshold, and load-set 12 is in the 
Heavy zone. The lines of demarcation corresponding to observed behavior are at Load Ratio = 
0.75 (as for the normal weight girders) and Calm Ratio = 0.10 (differing from 0.30 for the nor-
mal weight girders). The behavior of increasing damage is not as clear on the Calm Ratio versus 
Load Ratio plot for the lightweight girder specimens. In particular it would be expected that 
load-set 12 would be more clearly placed in the Heavy damage zone. The results are relatively 
well grouped for each of the different specimens, with the exception of load-set 7 for SCLC-1. In 
this case, the Calm Ratio is lower than for the other two specimens at this same load-set. Pub-
lished studies related to AE for lightweight pre-stressed concrete girders are scarce and further 
investigations related to this subject would be beneficial.   
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Figure 7b was established with calculation of the Calm Ratio based on the initial load cycle. 
Figures 9a – c illustrate the effect of calculating the Calm Ratio based on the repeat load cycle. 
The Calm Ratio values when calculated based on repeat cycles again result in substantially in-
creased values for all specimens. As for the normal weight girder specimens, it is expected that 
the amplification of the Calm Ratio within repeat load-sets will be more predominant when the 
girder has been loaded substantially beyond cracking. The cracking load for the lightweight 
girder specimens was approximately 556 kN (125 kips), corresponding to load-set 5 and above. 
All load-sets plotted are therefore above the cracking load.    
 

 
Fig. 9. Effect of calculating Calm Ratio based on repeat cycle. (Lightweight girder specimens).  
 

For the lightweight specimen that was loaded in fatigue (SCLC-2) prior to implementing the 
loading protocol, the Calm Ratio is not amplified for load-set 5. This specimen was loaded in 
fatigue to a level of 533 kN (120 kips), which approaches the level of load-set 5. Load-set 7, 
which lies at the Minor/Intermediate threshold, does not consistently demonstrate a significant  
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and noticeable increase in Calm Ratio when calculated based on the repeat load cycle, perhaps 
because this load-set only slightly exceeds the cracking load. As for the normal weight speci-
mens, repeat load-sets well above the cracking load more clearly exhibit the amplification of the 
Calm Ratio.  

 
Similar to the normal weight specimen loaded in fatigue (SCC-2), for load-set 5 of SCLC-2 

the Load Ratio was slightly higher than for the other two specimens. Load-set 7 was also slightly 
higher than the other two specimens, with load-sets 11 and 12 exhibiting decreasing values of 
Load Ratio. However, the Load Ratios for load-set 11 and 12 were not reduced as much as 
would be expected, particularly given the level of damage present at load-set 12.      

 
Load-set 9 is a repeat of load-set 7. The results for this repeat load-set are shown in Figs 9a –

c within a dashed ellipse. The effect of this repeat load-set is similar to the effect of a repeat load 
cycle. The magnification of the Calm Ratio for load-set 9 is pronounced for all three lightweight 
specimens, and is even more pronounced when calculated based on the repeat load cycle of the 
repeat load-set.  

 
For evaluation of actual building or bridge structures the level of previous loading may not 

be available. In such cases high values of the Calm Ratio may prove useful as an indication of 
previous damage, provided that the values are calculated based on the initial load cycle. It is also 
mentioned that Load Ratio computations may be complicated by a lack of knowledge of prior 
load history. This is more of a consideration for bridges as opposed to buildings, because bridge 
load testing is typically carried out far below the design capacity of the structural system. For 
bridge applications an RTRI ratio approach has been proposed [17, 18]. For building systems the  

 

 
Fig. 10. Loading profile and damage trends based on Xu [9]. 
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situation is quite different and the full factored load is often prescribed for load testing [2]. This 
level of load is well beyond what the system is likely to experience in service.  

 
Total number of hits versus cumulative energy: Another important consideration when evaluat-
ing the Calm and Load Ratios is the parameter used for computation. Several authors [6, 8, 9] 
have used the total number of hits for this purpose. Inspection of the data gathered from this in-
vestigation indicates that the total number of hits may not be the most appropriate parameter for 
either Calm or Load Ratio calculations. This can be explained by the fact that the amount of 
damage exerted to a material is not only a function of the number of hits. Rather, it is dependent 
on the amount of energy associated with the hits. Computation of the Calm Ratio based on the 
number of hits does not assure a complete description of deterioration and may prove to be mis-
leading in some cases.  

 
Figures 10a and b present the loading profile and the associated Calm Ratio and Load Ratio 

values obtained from reduced-scale pre-stressed girders by Xu [9]. Calm Ratio values were com-
puted during the loading cycle of the load-sets, keeping all the points within reasonable values 
for their location on the Calm Ratio versus Load Ratio plot. Figure 10b, however, illustrates the 
erratic behavior of two specimens when subjected to the loading pattern. 

 

 
Fig. 11. Damage trends based on energy. 

 

 
Fig. 12. Damage trends based on energy and number of hits. 

 
These results differ from the more consistent trend exhibited for the girders described in the 

current investigation (Figs. 11a and b), where Calm Ratio values were computed using cumula-
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tive energy in place of total hits. Figure 11b also shows the disturbance that the inclusion of a 
repeat load-set will cause (load-set 9 is a repeat of load-set 7). For a more direct comparison of 
the data gathered in this investigation, differences in the plots using cumulative energy and total 
number of hits are shown in Figs. 12a and b for girder specimens SCC-2 and SCLC-2, respec-
tively. 

 
The unstable trend of the Calm Ratio in the results reported by Xu [9] has been reported in 

other investigations where the number of hits has been used for computation of the Calm Ratio. 
Another example is shown in Fig. 13 from Colombo [8], where the Calm Ratio versus Load Ra-
tio plot was developed for passively reinforced concrete beam specimens. 
 

 
Fig. 13. Damage trend from Colombo [8] (redrawn for clarity). 

 
Summary and Conclusions 

 
The cyclic load test method of structural evaluation as described in ACI 437 [2] is based 

solely on load versus displacement behavior. Differing approaches have been proposed to incor-
porate AE into the CLT method of structural evaluation [7, 9, 10, 19, 20]. The objective of a 
combined approach is to develop a more sensitive and robust nondestructive evaluation method-
ology than achieved by either method alone. Only limited attention has been placed to date on 
AE evaluation criteria when applied within a CLT loading profile.  

 
Results of the current study emphasize the necessity of calculating the Calm and Load Ratio 

values in a consistent manner when applying a CLT loading profile. The presence of repeat cy-
cles, and repeat load-sets, can alter the behavior of both the Calm Ratio and Load Ratio.  The 
effect of repeat load cycles is particularly strong for the Calm Ratio values for pre-stressed flex-
ural members.  
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For Load Ratio versus applied load, in order to obtain a curve that varies monotonically with 
the accumulation of damage, the effect of repeated load-sets should be excluded from the evalua-
tion. Regarding the Calm Ratio, repeat load cycles can produce increased values that may mis-
takenly result in the interpretation of a higher amount of damage than is present. The presence of 
repeat load cycles can also hinder the appropriate location of the damage boundaries in the Calm 
Ratio versus Load Ratio plot. The data obtained from the current investigation indicates that for a 
consistent damage assessment AE evaluation is best performed based on initial loading cycles.   

 
The data further suggests that a more consistent evaluation can be obtained if parameters 

such as signal strength or energy are utilized in place of hits or counts. This is because signal 
strength and energy reflect the energy released by a member as both the amplitude and duration 
of the events are considered within these parameters. The erratic behavior in the Calm Ratio ver-
sus Load Ratio plots found in some previous investigations may be partially associated with the 
computation of these values based on the total number of hits. 

 
In terms of assessment of damage with the Calm Ratio versus Load Ratio plots, the normal 

weight girder specimens exhibited clear indications of Minor, Intermediate, and Heavy damage 
and the plots corresponded to the recorded load versus displacement behavior as well as visual 
observations of damage. For the lightweight girder specimens, the correlation of damage as de-
termined through load versus displacement behavior and the Calm versus Load Ratio plots was 
not as clear. Because very little information related to AE evaluation of lightweight concrete pre-
stressed girders has been published, this is suggested as an area for further investigation.       
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