
1 INRODUCTION  

Slab-on-girder bridges, the most common type of 
bridges used for short and medium span bridges, are 
constructed with a series of main girders supporting a 
reinforced concrete deck slab. This deck structure is 
very vulnerable to deterioration due to the corrosion of 
steel reinforcement which is exacerbated by the exten-
sive use of deicing salts and by pollution due to vehi-
cle exhaust fumes in the North American. Recently 
this significant corrosion problem in such bridge was 
successfully solved by using the concept of a steel-
free deck that harnesses the internal arching action 
while eliminating the need for any internal reinforce-
ment (Newhook & Mufti 1996). Several bridges have 
been constructed in Canada using this steel-free deck 
technology (Bakht & Mufti 1998). Field experience 
and laboratory testing revealed that under repeated 
vehicle loads longitudinal cracks develop in the con-
crete deck between each set of adjacent girders (Mufti 
et al. 1999). In keeping with the ISIS Canada mandate 
of developing SHM techniques in concert with inno-
vations in materials and design, research has been on-
going to develop damage indices specifically appro-
priate to the steel-free deck.  

Recently a study was initiated to investigate the use 
of modal-based damage detection for steel-free bridge 
decks (Zhou et al. 2002). Research focused on dy-
namic-based techniques have great promise, but are 
faced with practical difficulties when applied to large, 
massive civil structures. As well many researchers are 

looking for alternate methods for damage detection 
which make use of static strain and deflection meas-
urements (Hu & Shenton 2002).  

The research reported in this paper examined sev-
eral ways of using the changes in mechanical response 
of the steel-free deck bridge system to develop dam-
age indices for detection of longitudinal cracks which 
have been observed in steel-free decks in the field. 
The methods relied on the fact that as longitudinal 
cracks happened, the vehicle load on the bridge was 
redistributed throughout whole bridge system, and 
therefore the load distribution factor changed slightly.  
By identifying the changes in response matrices, it 
was observed that occurrence and location of damage 
could be determined. The response matrices investi-
gated included matrices of absolute strain values, load 
distribution factors (LDFs), and changes of LDFs. A 
reasonable damage threshold limit was introduced into 
the matrix of changes of LDFs to enable the identifi-
cation of damage. While the change of LDF pattern 
through a proposed global LDFs change matrix was 
found to be the most reliable, it was also discovered 
the changes of neutral axis location of each girder af-
ter cracking could be used to identify the crack local-
ization, while the cumulative change of LDF could be 
used to predict the occurrence of new cracking or in-
creased number of cracks. These three indices could 
be all very useful in a monitoring program as first in-
dicator of a change in condition that would trigger a 
more rigorous investigation. 
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ABSTRACT: This paper presents several methods of using changes in mechanical response to develop dam-
age indices for detection of longitudinal cracks in steel-free concrete deck bridges. A third scale steel-free 
deck bridge model was tested under point loads and simulated vehicle loads. A total five longitudinal cracks 
were successively introduced into this bridge deck at bottom of each concrete panel between every two gird-
ers. Several methods of using the measured response data from each stage of cracking to construct damage 
indicators were investigated. It was demonstrated that the change of LDF pattern through a proposed global 
LDFs change matrix was the most reliable method. It was also discovered the changes of apparent neutral axis 
location of each composite girder after cracking could be used to identify the crack localization, while the 
cumulative change of LDF could be used to predict the occurrence of new cracking or an increased number of 
cracks. 



2 EXPERIMENTAL PROGRAM 

To facilitate this investigation, experimental tests were 
carried out on a bridge model consisting of six steel 
girders with a steel-free concrete deck on a 1/3 geo-
metric scale. The laboratory model was a simple-
supported, right bridge, with a 8220 mm main span. 
The cross-section consisted of six steel girders at 675 
mm with diaphragms spaced at 2740 mm supporting a 
75 mm concrete deck with haunches of 25 mm. The 
lateral confinement was provided by 25×6 mm steel 
straps placed to the top of girders at 400 mm spacing. 
To avoid initial cracking of the concrete in the curing 
period, chopped polypropylene fibers in volume of 
fraction of 0.75% were added into the concrete during 
casting. The nominal compressive strength of the fiber 
reinforced concrete used for the deck was 35 MPa. 
The cross-section and plan view of the model are 
shown in Figure 1 and Figure 2, respectively. 

 
Figure 1. Cross-section of Experimental Model 

 
Figure 2. Plan View of Experimental Bridge 
 

The instrumentation scheme shown in Figure 3 
consisted of 65 strain gauges and 6 displacement 
transducers installed on the following: 18 on the bot-
tom flanges of the 6 girders at the two quarter spans 
and the midspan to monitor the load distribution 
among the girders;18 strain gauges mounted on the 
web of each girder, one set at quarter span and two 
sets at midspan to monitor the behaviour of composite 
action between the deck and girders; 20 strain gauges 
mounted on steel straps. Considering that straps close 
to the either end support or the cross diaphragms are 
believed to carry less load than straps that are further 
away, the straps chosen for instrumentation were: one 
steel straps close to the end (#1), one upon 1/3 span-

diaphragm (#2), one close this diaphragm (#3), and 
one at midspan (#4); and nine strain gauges mounted 
on members of the diaphragms. Only the girder strain 
results will be discussed in this paper. 

Two different loading phases were employed to 
conduct the load distribution tests. In the first phase, a 
single concentrated load of 29.4 kN was applied at 
midspan of the bridge directly over each girder (6 lo-
cations) and half way between each set of girders (5 
locations) to produce a total of 11 loads cases. This 
pattern of loading was repeated at the 1/3 span loca-
tion near a diaphragm. The first phase testing pro-
duced a basic response pattern for a well-controlled 
load condition. In the second phase, a cart simulating 
two rear axles of a heavily loaded design truck was 
used to simulate a moving traffic load. The cart had 
four wheels with longitudinal axle spacing of 2200 
mm and a transverse wheel spacing of 600 mm. The 
axle loads were 7.85 kN and 9.12 kN, respectively. 
The dimensions and weight of this cart are scaled 
from the rear two axles of the WL625 Canadian high-
way design truck so that the maximum stress in the 
bottom of flange in girder in the scaled model was the 
same as the value in the prototype bridge. The cart 
was moved and positioned at six equidistant points 
along the length of the bridge. In the transverse direc-
tion, the cart travel was replicated at three different lo-
cations to produce a total of 18 load cases. This testing 
phase simulated a test protocol that might be followed 
in the load testing of actual bridges. The schematic 
view of the cart and the travel positions are shown in 
Figure 4. 

 
Figure 3. Crack Pattern and Strain Gauge Locations for Bridge 
Model 

 
The magnitudes of neither the point loads nor 

wheel loads were sufficient to cause cracking in the 
deck. As well, for each load position, tests were con-
ducted with all the diaphragms in place and then after 
removing all the intermediate diaphragms. The load 
distribution characteristics at the two quarter spans 
and the midspan were evaluated at each test stage.  

For the purpose of this paper, the testing results 
was categorized into two stages. Stage I tests were 
conducted on the model with uncracked deck. In Stage 
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II tests were conducted after inducing longitudinal 
cracks shown in Figure 3 one bay at time. The 1st 
crack was introduced by applying several large points 
loads between girders 1 and 2 , the second between 2 
and 3, etc. Complete re-testing was conducted after 
each successive longitudinal crack was formed. A full 
description of testing and results can be found in Yang 
(2005). 

 
 
The basic methodology of the investigation was to re-
cord key mechanical response parameters at each  
stage of damage; examine the response in raw form, 
such as strain, and in process values, such as LDF; and 
identify which values were the most sensitive to dam-
age. Potential indicators for possible use in field pro-
ject were then developed. 

3 DAMAGE DETCTION INDICES 

3.1 Index One: Change of Magnitude of Strain Value 
The simplest of the potential indicators to investigate 
was the strain magnitude in the bottom flanges of each 
girder. During the experimental program, it was ob-
served that the strain values of bottom flange were 
sensitive to the damage and loading and changed sig-
nificantly as the load was applied close to this strain 
gauge and the longitudinal crack occurred next to it. A 
strain change ratio was defined as the percent change 
of the strain values in the bottom flange midspan 
gauge of each girder after each crack was induced 
compared with the value of strain recorded for the 
same load case when the deck was uncracked. The 
change ratio values given in Table 1 are for a point 
load applied at the midspan of the girder. For exam-
ple, the values for Girder #3 are the change ratio for 
the point load applied over girder 3, and those for 
Girder #4 are the values with the load applied over 
girder 4. It was observed that all five cracks had an in-

fluence on the strain value of each girder at L/2; how-
ever, the largest changes were induced by cracks adja-
cent to the girder. This was typical for all load types 
investigated. 

 
Table 1. Change Ratio (%) of Strain Value at L/2 of Each Girder 
due to the Occurrence of Cracks under Load at L/2 

Girder Crack 
Number #1 #2 #3 #4 #5 #6

1st 
2nd 
3rd 
4th 
5th 

1.9
7.2
7.2
10.2
7.9

3.4 
7.9 
10.7 
11.8 
12.4 

0.6 
10.6 
15.0 
16.3 
16.9 

0.7 
3.5 
6.9 
17.4
23.6

0.6
2.3
3.5
16.2
18.5

0.3
3.0
2.7
8.4
13.5

3.2 Index Two: Change of Load Distribution Factor 
 
Three kinds of matrixes of all strain values and load 
distribution factors (LDFs) in bridge system were 
generated for the purpose of comparisons among dif-
ferent decks conditions: these were matrices of strain, 
load distribution factors (LDFs), and matrix of LDFs 
variation. The matrices were constructed using The 
point load matrix had 18 columns representing the 
strain gauge locations on the bottom flange of the 
girders (3 per girder, Figure 3) and 22 rows for load 
cases (11 for each of the L/2 and L/3 load locations). 
The large point load matrix can be constructed by the 
assembly of two sub-matrices, one for a load at L/2 
and one for a point load at L/3. The cart load matrix 
had the same 18 columns for gauge locations and 18 
rows for load cases, one for each cart position shown 
in Figure 4. Only the sub matrices for point loads at 
L/2 are shown in Figure 5. Other matrices from the 
test results can be found in Yang (2005). In the sym-
bol [ ]iL 2/δ , δ represented the change in LDF value for 
a given crack condition (i = 1 through 5) relative to 
the uncracked condition (i = 0). The subscript referred 
to the load case, in this example a point load at L/2.  

These global matrices were proposed as a means of 
increasing the ability to isolate the changes due to 
damage from random changes due to experimental 
variation and noise and thereby increase the sensitivity 
and accuracy of the method. To draw a parallel with 
modal based damage detection techniques it was simi-
lar to using many modes shapes instead of just the 
fundamental mode shape. As well, the concept 
mimiced the idea of taking readings as vehicles trans-
verse a bridge in real time in which case many load 
positions could be captured and processed. Finally, the 
matrix approach allowed easy visualization of the re-
sponse in a global system context. A numerical ap-

Girders Steel Straps Diaphragms

Quarter Span I MidSpan Quarter Span II

Strap #1 Strap #2 Strap #3 Strap #4

All units in mm

50
104.5

MidSpan
25.5

Quarter-Span II
25.5

100

N.A

25.5
Quarter-Span I

Girders Steel Straps DiaphragmsGirders Steel Straps Diaphragms

Quarter Span I MidSpan Quarter Span II

Strap #1 Strap #2 Strap #3 Strap #4

Quarter Span I MidSpan Quarter Span II

Strap #1 Strap #2 Strap #3 Strap #4

All units in mm

50
104.5

MidSpan
25.5

Quarter-Span II
25.5

100

N.A

25.5
Quarter-Span I

All units in mm

50
104.5

MidSpan
25.5

Quarter-Span II
25.5

100

N.A

25.5
Quarter-Span I

50
104.5

MidSpan
25.5

Quarter-Span II
25.5

100

N.A

25.5
Quarter-Span I

Strap #1 Strap #2 Strap #3 Strap #4

Quarter Span I Quarter Span IIMidspan
Girders Steel Straps Diaphragms

Figure 4. Schematic View of Loading Cart and Load Positions



proach that could be implemented using automation 
and computers can also be developed from this 
method.  

 Due to the large number of ordinates in each ma-
trix, a statistical approach was employed to identify 
damage. Stubbs and Kim (1992) suggested an ap-
proach where it was assumed that random changes due 
to measurement noise would be normally distributed  

and that changes due to damage would be signifi-
cantly different than the mean. Stubbs and Kim sug-
gested that significantly different could be defined as 
two standard deviations from the mean, leading to an 
expression for a damage indicator, Z, given by Equa-

tion [1], where μ  and σ  are the mean and standard 
deviation of entire matrix 

 
(1) 

 
Adopting this concept and re-writing Equation [1] 

to find the magnitude of ji,λ  corresponding to Z≥ 2 
we get                                             

(2) 
 

The method of Stubbs and Kim relied on the as-
sumption that damage was very local and response at 
the damage location was distinctly different than the 
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Figure 5. Matrixes of Variations of LDFs under Point Load at L/2 



normal variation. As increasing amounts of cracking 
damage was induced, this method became less appli-
cable. For example in [ ]5 2/Lδ in Figure 5 in which there 
was extensive damage, the statistical mean actually 
represented the damaged response not the undamaged 
response. Extrapolating this technique to increasing 
levels of damage was therefore not obvious. Two pos-
sible solutions were: (1) redefine the matrix such that 
[ ]δ represented the difference between the current 
readings and the last set rather than the current read-
ings and the undamaged condition; (2) set a reason-
able threshold limit of ji,λ to indicate damage and 
carry that value throughout the evaluation.  After in-
vestigation (Yang 2005), the threshold value of 

ji,λ >0.13, corresponding to Z > 2 for [ ]2 2/Lδ , was se-
lected to identify damage. Values of δ which exceed 
this value are outlined in boxes in Figure 5.  

Several similar characteristics were observed in the 
matrices of Figure 5. Firstly, with increasing number 
of longitudinal cracks, more “λ” factors occurred in 
the matrices indicating increasing damage. Secondly, 
“λ” factors were distributed according to a pattern re-
lated to where the crack occurred and the proximity of 
the load to the location of the crack. As the each new 
crack occurred sequentially, more “λ” factors oc-
curred even in the existing cracking zones. Thirdly, af-
ter comparison of the value of the same “λ” factor in 
different matrices, it was observed that the value of 
factor increased as the crack occurred next to these 
factors. 

3.3 Index Three: Changes of Cumulative LDF 
Matrices 

It was observed in Figure 5 that the number of “λ” 
factors increased with increasing damage; therefore, 
the concept of a cumulative damage factor was inves-
tigated. The cumulative change of LDFs was defined 
as the sum of absolute value of every factor in a ma-
trix [ ]iglobalδ or [ ]ilocalδ , where the former was the matrix 
for all gauge locations as shown in Figure 5 and the 
latter was the matrix of LDF values for a single cross-
section of the bridge, respectively. The changes of 
cumulative of LDFs indicated the occurrence of a lon-
gitudinal crack or an increase in the amount of crack-
ing, but did not indicate the location of damage. The 
method may still be very useful in a monitoring pro-
gram as a first indicator of a change in condition (or 
not) which could then could initiate more a detailed 
damage response investigation. To examine the sensi-
tivity of the cumulative indicator to the number of 
load cases used in the analysis, three cases were exam-
ined. One based on the local LDF matrix at L/2 for a 
single load case and two based on the global LDFs 
matrix for all bottom flange strain gauges subjected to 

multiple load cases. In Figure 6, each of these cases is 
represented in each graph. Figures 6a and 6b corre-
spond to point loads at L/2 and cart loads, respec-
tively. In each case the cumulative index increased 
with increased longitudinal cracking and the sensitiv-
ity increased with the number of load cases analyzed.  
 

Figure 6. Changes of Cumulative of LDFs 

3.4 Index Four: Change of Apparent Neutral Axis  
 
The three gauges used on each girder at midspan, as 
shown in Figure 3, allowed the location of the neutral 
axis for the steel-concrete composite section to be de-
termined by linear regression to identify the point of 
zero strain. Due to the location of the bottom flange 
gauge, the recorded strain value also included torsion 
strain in addition to vertical flexural strain. The neu-
tral axis determined from these readings was thus des-
ignated as the apparent neutral axis location. For each 
girder, this apparent neutral axis location (NA) was 
determined for each load case in the experimental 
program. It was found that the NA location at L/2 was 
sensitive to the occurrence of longitudinal cracks as 
well as the location of the applied load relative to the 
girder. A value of change in NA for each damaged 
state, ΔNAi ,was determined for each girder individu-
ally with a point load applied directly on that girder so 
as to minimize the torsional loading on that girder. 
The values of ΔNAi for girders 1 through 6 for each of 
the five longitudinal crack conditions was plotted in 
Figure 7. When cracks occurred next to the girder, the 
value of ΔNAi increased significantly, but remained 
stable as other cracks took place (e.g. Girder #5, the 
value of first three columns were below 2% which il-
lustrates that the first three cracks did not change the 
NA location greatly, while the values of fourth and 
fifth columns jumped to 16% and 20% respectively, 
which definitively indicated that cracks occurred next 
to the Girder #5). Similar sensitivity was also ob-
served for the cart load cases (Yang 2005). 
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Figure 7. Change of Apparent N.A. Location with Damage 

4 CONCLUSIONS 

Several methods of using strain response data to de-
velop cracking damage indicators for steel-free decks 
were examined. It was found that a global change in 
load distribution characteristics could be used to iden-
tify the occurrence and location of damage. The effec-
tiveness of this method increased with the number of 
load cases considered. In addition, a cumulative LDF 
change index could be used as a first warning of 
change in condition of the structure. Finally the 
change in apparent neutral axis location could also be 
an effective tool in location deck cracking. Each of 
these methods can be easily incorporated into a field 
monitoring program and automated. The general 
methodology may also be applicable to other slab on 
girder bridges and other types of damage.  
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