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Abstract

In the framework of identifying defects in structures, Damage
Index Method (DIM) is considered one of the trustable tools used
intensively. In the present research, DIM — modal displacement
based - was applied on experimental data to detect damage for
masonry piers. Damage Index (D.l.) was obtained by comparing
modal displacement functions for damaged and undamaged
conditions. Firstly, two scaled down piers were prepared
experimentally for examination. The piers were of same unit area
while the thicknesses were 170, and 260 mm. The physical
models were subjected to different artificial crack patterns. The
cracks were created for each pier on three consecutive steps
representing different intensity of damage. The piers were
examined under free vibration mode at their original state and
after degradation. The collected records were processed, and DIM
was applied. Furthermore, parametric numerical analysis was used
to study the effect of crack dimensions, location, shape, and
repetition among the simulated piers. The results showed that the
selected D.l. was effective in detecting cracks in masonry
structures for all examined cases. Moreover, the investigation
showed that as the severity of cracks increased, the identification
of damage became easier and was reflected in an increase in D.I.
value. DIM was also able to detect expected route of cracks. On
the other hand, DIM can’t be used to obtain degradation level
directly but in comparison between severities of cracks in
different stages of damage.

1. Introduction

Performance evaluation of structures is mandatory to keep them healthy during their
lifetime span. Damage assessment can be considered useful indicator when applied
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periodically. Dynamic testing can be considered as fast non-destructive tool used for this
purpose [1]. It can particularly be adopted to identify overall integrity of structures as well
as identifying local unseen damages. Continuous and/or periodic monitoring is essential for
early damage detection. Generally, full damage identification procedure can follow four
stages (detection, localization, quantification, and prediction). Global vibration-based
damage detection methods such as capturing the changes in natural frequency could be
limited to detect degradation in structural integrity. Modal strain energy approach could add
better information about crack locations. Advanced damage detection techniques (e.g.,
Wavelet analysis, artificial neural network, and acoustic emission monitoring) could be
more trustable in identification and quantification of damage in structures.

The challenge becomes higher when dealing with structures of sophisticated special nature
such as masonry piers where bonding between mortar and bricks build-up the final
structure. Deterioration in such structures can be expressed by aging, interfacial debonding
between mortar and brick units, and damage in either bricks or mortar independently [2-5].
Many researchers used several damage indicator tools based on dynamic measurements [6-
9]. Stubbs et al. [10] suggested the damage index method to detect the damage in real
existing bridge using comparison in strain energy in separate structural elements. Cornwell
et al. [11] compared principal curvatures of plates in different degradation conditions.
Maghsoodi et al. [12] applied Euler-Bernoulli concept for detecting damages in beams.
Qiao et al. [13] investigated mode shape curvature method as a technique of damage
detection to identify damage in composite laminated plates. Other researchers [14—-16] have
made modifications to Damage Index Method (DIM) for damage detection and health
monitoring of structures.

In the current research, formal DIM was used to determine the location of cracks in
masonry piers. Contrast between normalized modal displacements in damaged and virgin
conditions was taken as Damage Index (D.l.). DIM was applied experimentally to
accommodate the special behavior of masonry structures. Moreover, the effect of limited
monitoring points on identifying cracks was also studied. Two masonry piers of different
thicknesses and different crack configurations were represented experimentally. Modal
analysis was performed for damaged and undamaged specimens. Simultaneously, numerical
parametric investigation was also conducted to determine the effect of damage severity,
crack shape, location as well as the existence of multiple cracks on the identification
process. The method showed good results in identifying cracks in masonry piers.

2. Methods and Methods

In the current paper, DIM was used as a tool for determining local damages occurred in
masonry piers. D.l. based on comparing damaged and undamaged normalized modal
displacement functions obtained directly from modal analysis of structures was adopted. In
fact, many researchers stated that depending on modal displacement vectors were of lesser
sensitivity to detect small damages rather than using modal strain energy functions [17, 18].
It is however, in case of few or irregular distribution of monitoring points - where obtaining
curvature functions are of quite difficult operations - the adequacy of using D.l., modal
displacement based, should be checked. The modal normalized displacement shape function
will be denoted as (@) and will be obtained hereinafter using formal modal analysis from
the measured vibration. The value of normalized modal displacement at the edge of a given
element at jth node of the pier in damaged and undamaged states can be represented by (®j,
D) and (®j, U), respectively. The fractional energy exerted by this element in damaged and
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undamaged condition can be expressed as (Fj, D) and (Fj, U), respectively. n denotes for the
total number of nodes.

P

F.. = _—12
7 ET II:I:.':lz.ﬂ (1)
s 38
— u
F}':U - ET & u (2)

Where, total energy exerted by the structure can be denoted by €5 and Ev for damaged and
undamaged conditions, respectively, and can be represented as follow.

ED = ET EI};;,D and EU = ET II:I:":lz,U (314)

It should be noted that summation of fractional energy over the whole system should be
equal to unity. Thus,

*:n +i.u
TFp=Ii 22 =1 and 1Fp=21,- =1 (5.6)

If the damage is particularly assumed to be located at a single element, then the fractional
energy remains relatively constant, i.e. Fio ¥ Fiv . Assuming the term ®5 and v denotes
for vectors containing Fip and Fiv respectively, for n nodes. Thus,

n n
Pp = {F}-ﬂ |}-=1} and Py = {Fjﬂt-:l}

n =1

(7.8)

n =1

Simply, one can define D.I. as a vector of size (n x 1) where all its values should equal unity
in case of no damage, where the values could have values greater than unity in case of
damage exists.

D.I.= —Z (9)
':I}F.f
Plotting the D.I. values among the pier surface using suitable grid allowed having a peak
value around the location of damages.

3. Experimental Work

Two masonry piers made from clayey bricks and mortar were constructed and examined.
Mechanical properties of bricks and mortar were test experimentally and was found in
agreement with Narayanan S. P. and Sirajuddin M. [19]. Table (1) shows the physical and
mechanical properties of masonry piers’ constitutional material. The piers were of typical
elevational dimensions (width x height) equal to (Im x 1m). The First pier was of thickness
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170 mm, and totally made of clayey red bricks and having the prefix of (P170). The second
pier was of total thickness 260 mm and composed of double wythe masonry encasing each
of thickness 85 mm incorporated mortar core of thickness 90 mm and was denoted as
(P260). The later pier was intentionally constructed to simulate real piers used in old
hydraulic structures. All piers were clamped to the floor using steel frames fixed to the
ground by means of suitable anchor bolts, Figures (1a — c) show piers in their original state
along with the base frame. In this way, all base translations in all orthogonal directions were
restrained, simultaneously, semi-rigid rotational restraint among the minor axis of the piers
was assumed. Each pier was equipped with available seven accelerometers. Figures (2a and
b) show accelerometers arrangement, and schematic illustrating the used crack patterns.
Figure (3) shows typical cross-sectional area for both tested piers.

Acrtificial horizontal cracks at level 170 mm from ground were created for both piers. The
cracks were executed using mechanical saw cut of blade thickness of 4 mm. The severity of
cracks was increased in three consecutive steps. For each step, the originally generated
crack got further deeper and longer. The first crack was of 400 mm length and 20 mm
depth. The cracks were then enlarged in steps with incremental increase of 200 mm in
length and 20 mm in depth. Table (2) describes and gives detailed configuration for
examined piers. Generally, all piers were examined in free vibration fashion. The piers were
excited using small mass impact hummer striking the piers horizontally at the midpoint of
their top level. The forced vibration time-history was omitted, and the rest of the record was
analyzed. The piers were examined at different stages; the first stage represented initial
records of the piers in their original healthy state. The following stages were for damaged
piers at different severities. To capture all available modes with reasonable accuracy,
sampling rate of 1KHz was adopted. The records were analyzed, mode shapes were
obtained, and Fast Fourier Transformation (FFT) were conducted. Figures (4 and 5) show
monitored time history records and FFT plots for examined specimens at undamaged
condition for accelerometer at (CH2). Table (3) shows dominant frequencies and
corresponding mode shapes for examined specimens. The proposed DIM was then applied
on the tested piers and crack locations were estimated.

@ (b) ©
Figure 1: Physcial model for Masonry Piers in Original Condition a) P170, b) P260, and c)
Supporting Steel Base

338



JES, Vol. 50, No.6, Pp. 335-349, Nov 2022

DOI: 10.21608/JESAUN.2022.147021.1149 Part A: Civil Engineering

®cH3  CcH2® cH1®
s CH5 e
= &
=1 o
cHr =] 3
£
Hz Crack E
b variable—— | ©
7717777777777 77777777 7777777777 7777777777
50_(}ru_~+L_450.0rrm_L450-0mm-J Omm 1000.0mm
1000.0mm—j '
(a) (b)

Figure 2: a) Schematic Showing Accelerometers Arrangement, and b) Horizontal Crack Pattern for

Examined Specimens
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Figure 3: Cross Sectional Area of Examined Piers a) P170, and b) P260
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Table 2: Description of Examined Piers

pi Speci Horizontal Crack Dimensions
er pecimen Length (mm) Depth (mm)

(P170-H-C-400-20) 400 20

P170 (P170-H-C-600-40) 600 40
(P170-H-C-800-80) 800 80
(P260-H-C-400-20) 400 20

P260 (P260-H-C-600-40) 600 40
(P260-H-C-800-80) 800 80

Table 3: Dominant Frequencies and Corresponding Mode Shapes for Examined Piers

Virgin Sample Dominant Mode Shapes - (Hz)

First Bending First Torsion Second Bending Combined Mode

P170 13.70 62.60 120.00 234.00

P260 15.70 82.60 1640.00 355.00

4. Results and Discussion

Formal modal analysis was conducted on damaged piers and their dynamic properties were
obtained using (ME' Scope) [20]. The obtained parameters were then compared with their
corresponding values of virgin specimens. Fast Fourier Transformation (FFT) of all damage
cases with horizontal cracks were plotted. Natural frequencies of the dominant mode shape
were shown at each corresponding peak. Comparison with the control specimens was
conducted. It was noted that significant decrease in all natural frequencies with the increase
in crack length and depth was observed. DIM was applied where normalized modal
displacements (®) were used to calculate D.lI. Modal displacement was normalized with
respect to maximum displacement value at the top level of piers. D.l. having values greater
than unity indicated possibilities of damage existence. At each joint of the pier, D.l. was
plotted over the whole pier. The created surface with humps indicating presence of cracks.
The Plots were created using Sigma Plot VV.11.0 [21]. The program allows, only, to draw the
independent variables in the vertical direction. Thus, the coordinates of the pier were
compulsory plotted in plan and D.I. values were drawn parallel to vertical axis. Figures (6a
—¢) show FFT plots for all damage cases of specimens P170. Figures (7a — c) represents the
location of probable cracks under the horizontal projection of the created surface at the peak
value of D.I. for all damage scenarios of P170. Similarly, Figures (8a — ¢) show FFT plots
for all damage scenarios for P260. Figures (9a — c) explain the location of cracks for all
degradation conditions of P260.

It was observed that the natural frequency of the first bending mode shape of the
undamaged case for (P170) was 13.70 Hz. The natural frequencies of damaged cases
became 13.20 Hz for (P170-H-C-400-20) and reached to 10.80 Hz for (P170-H-C-800-80).
On the other hand, it was noticed that the D.I. values increased with increasing the damage
length and depth. The D.I. started with 1.18 for (P170-H-C-400-20) and reached to 1.6 for
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(P170-H-C-800-80). On the other hand, the natural frequency of the first bending mode for
(P260) was 15.70 Hz while the natural frequencies of damaged cases decreased to 15.20 Hz
for (P260-H-C-200-20) and reached 14.40 Hz for (P260-H-C-800-80). D.I. value started
with 1.16 for case (P260-H-C-200-20) and reached to 1.25 for case (P260-H-C-800-80).
The peak in the plot of DI indicated the crack location. Despite using modal displacement as
damage indicator with relatively small number of sensors, DIM proved its efficiency to
detect and locate the crack location using only seven sensors. It was clear that these peaks
increased by increasing cracks’ dimensions, length, and depth. It can be observed that as
cracks got severer, the damage detection procedure became easier. On the other hand, it was
clear that for the same crack dimensions, the pier with lesser stiffness had D.l. values
greater than the stiffer pier. In fact, the existing of stiff mortar core has big effect on
preserving the rigidity of the pier and minimize the crack effect. Thus, slightly decreasing
D.l. values for composite pier (P260).
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Figure 7: D.I. Plots for All Daméged Scenarios of P170
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Figure 9: D.I. Plots for All Damaged Senarios of P260

5. Parametric Study

5.1. Numerical Model Calibration

In this section, numerical analysis was conducted to study the effect of crack severity in the
identification process. In fact, masonry structures are composed of heterogeneous materials
composed of blocks and mortar joints. Detailed analysis should be done in micro-modeling
scale to represent units, mortar, and unit/mortar interface. This can be helpful for small
structural elements with particular interest in the heterogeneous states of stress and strain
among their constituents and the interface. Moreover, complicated models are required
when dealing with large deformation problems or studying mechanical behavior of masonry
till failure [21]. On the other hand, Laurance [22] stated that macro-scale models can be
good representative for simulating large scale systems where knowledge about interaction
between units and mortar can be negligible for the sake of global structural behavior. He
also added that in simplified modelling, brick and mortar were modeled as a single smeared
material and the mortar joints were modeled as zero-thickness interfaces. Alternatively,
composite behavior in terms of macro or average stresses and strains can be used to model
masonry as a homogeneous material [23]. In this case, extensive experimental data should
be used for validation. On the other hand, SAP2000 [24] was also used by recent
researchers where non-linear shell elements were adopted to simulate unreinforced masonry
buildings subjected to ground motions [25].

In the current research, constitutive linear modeling was used to represent masonry piers.
Homogeneous isotropic behavior of masonry was simulated using shell elements. This can
be good assumption only for case of small deformations with relatively small level of
stresses. Many trials were conducted to adjust the Finite Element (FE) model with the
experimental work. The boundary conditions of the model were firmly restrained at the base
in vertical and horizontal directions. Rotational springs were also used, and their stiffness
were adjusted until matching with the experimental modal analysis. The calibration was
accepted when the dominant natural frequencies almost coincided with those obtained
experimentally. On the other hand, Cracks were simulated as a reduction in shell thickness.
In this situation the pier was considered as continuum system with variable inertia. It is
worth to mention that the results of the numerical work could be limited to the conditions
under which the data were obtained.

Piers (P170), and (P260) were firstly simulated in their undamaged conditions using shell
elements. Figure (10) shows uncracked FE model for (P170). The first dominant
frequencies of (P170) and (P260) was 14.10, and 15.92 Hz, respectively. The corresponding
values obtained experimentally were 13.70, and 15.70 Hz, with acceptable error of 2.9%,
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and 1.38%, respectively. This indicates that the FE modeling was acceptable to be used for
parametric study.

Figure 10: Finite Element Uncracked Model for P170

5.2. Horizontal Cracks

Write DIM was applied on Finite Element (FE) pier models with dimensions typically like
those used in the experimental work. Horizontal cracks were all located at distance 170 mm
from the base. Variation in damage intensity was executed by changing crack length and
depth. Crack depth was chosen as a percentage of pier thickness, 25%, 50%, and 75%, of
pier thickness. Variation of crack length started from 0.2L (200 mm) to 1L (1000 mm) with
incremental increase of 0.2L.

Table 4: Natural Frequencies for (P170) and (P260) with Different Damage Scenarios

Frequency (Hz) — (Stiffness Reduction) (%)
Pier Crack Depth Damage Length
(%) of Pier Thickness 0.2L 0.4L 0.6L 0.8L 1L
o5 14.09 - 14.07 - 14.06 - 14.04 - 14.02 -
(0.14) (0.43) (0.57) (0.85) (1.13)
P170 50 14.06 - 14.00 - 13.94 - 13.87 - 13.76 -
(0.57) (1.41) (2.26) (3.24) (4.76)
75 14.01 - 13.80 - 13.47 - 13.04 - 11.68 -
(1.27) (4.21) (8.74) (14.47) (31.38)
o5 15.89 - 15.89 - 15.88 - 15.87 - 15.86 -
(0.38) (0.44) (0.50) (0.63) (0.75)
P260 50 15.87 - 15.84 - 15.81 - 15.78 - 15.70 -
(0.63) (1.00) (1.38) (1.75) (2.74)
75 15.84 - 15.74 - 15.58 - 15.37 - 14.65 -
(1.00) (2.25) (4.23) (6.79) (15.32)

Table (4) represents the dominant frequencies for all damaged cases for both tested piers.
The Table also shows the percentage of stiffness reduction for each condition. The modal
displacement shape functions of the first mode were extracted for all damage cases and used
to compute the D.l. Numerically, records from each node of the FE model were processed.
Table (5) explains the effect of crack severity on the identification process. Damages of
depths 50%, and 75%, and lengths of 0.4L, 0.8L, and 1L were selected and only expressed
in this Table. The selected conditions represented critical cases that can be considered as
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moderate or severe damages. Damage Index plots were compared, and it was noticed that
the peak of the created surface represented the location of damage. The D.I. value increased
with increase in the damage severity.

Further, summary of all results is represented in Figures (11a, and b) for (P170) and (P260),
respectively. The plots explain that D.l. values were directly proportional with severity of
cracks. It was shown that the peaks values and sizes of D.l. increased with the increase of
the thickness and the size of the damage with an agreement to experimental results. It can
also be noted that for (P170), D.I. values were higher than those of (P260). This could be
attributed to the higher degradation happened in (P170) compared to (P260) when exposed
to same crack. It was noted that for (P170), DI peak values were ranged from 1.01 to 1.08 in
case of 25% cracked depth and increased to the range of 1.3 to 2.8 in case of 75% cracked
depth. The corresponding values for (P260) were of range of 1.005 to 1.03 in case of 25%
cracked depth and 1.1 to 1.6 in case of 75% crack depth. Finally, it was concluded that
DIM, modal displacement based, proved its efficiency to detect and locate the crack
location experimentally and numerically.

Table 5: D.1. Values Obtained Numerically for Examined Piers

Pier | Damage Damage Length
Depth
o 0.4L
P170 AT
50%
75%
P260
50% | .

75%
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Figure 11: Peak D.I. Values for a) P170, and b) P260

5.3 Multiple and Inclined Cracks

In this section DIM technique was examined to detect different shapes of defects that
possibly be created on reality among masonry piers. For simplicity, Pier (P170) was
selected for examination only. Single and double vertical cracks, inclined crack, and stepped
crack were tried. Crack was typically simulated as a reduction in the pier thickness at crack
location (50% of pier thickness). Single vertical crack was examined; the crack was 400 mm
length, started at 200 mm from the base and located at 300 mm from the right side of the
pier. Further, double vertical identical cracks of length of 600 mm started at 200 mm from
the base of the pier and located at 300 mm far from each of the sides of specimen. As per
inclined crack, the crack was created at 45 degree, its horizontal and vertical projections
were 400 mm and the crack started at 400 mm from the left side and ended at 200 mm from
the right side. Finally, stepped zigzag shape following the mortar pass of three successive
brick units was also tried. Formal modal analysis was conducted and the same procedure for
obtaining D.l. was followed. The analysis was done based on the dominant first mode.
Figures (12 — 15) show schematics for the crack shape and the corresponding DI plot for all
cases. It was observed that modal displacement also was trustable index and was sufficient
to locate cracks regardless their shape and repeatedly.
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Figure 12: D.I. of Single Vertical Crack
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Figure 13: D.I. of Double Vertical Cracks
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Figure 14: D.I. of Inclined Crack
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Figure 15: D.I. of Zigzag Stepped Crack

6. Conclusions

Damage detection in masonry structures based on DIM, modal displacement based, was
conducted. Physical and numerical modeling were used to verify the adequacy of using the
proposed method. The following conclusions were obtained:

1- D.I. has good ability to identify single horizontal cracks for both experimental and
numerical models.

2- Experimentally, the results showed that modal displacement functions could be

sufficient to detect defects in sophisticated nature of masonry piers even when only
limited recorded data were available.
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3- It was also observed that DIM could be used for comparing between severities of
cracks in similar structures and found to be directly proportional with D.l. value.

4- For the same crack dimensions, the stiffer the pier rigidity, the more difficult the
identification of damage.

5- It was noted that for masonry structures, non-linear simulation can be possible for low
level of stresses and small deformations.

6- Numerically, vertical, inclined, stepped, and multiple cracks were identified using the
proposed technique.

7- The present results constitute the first step of a work in progress. Further intensive
numerical non-linear simulation of masonry as an orthotropic material with particular
care to interface modeling should be adopted.
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