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Influence of Environmental Degradation on Dynamic Propsttf
Masonry Bridges
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ABSTRACT: The paper presents some preliminary analyses dikvtotthe identification of suitable mode
able to provide the frequency decay of a damagesbnmy structure on the basis of the observed dampaige
tern. In particular the analysis will be carried with reference to some comparison FE models,bgndtro-
ducing two distinct damage patterns, i.e. an elastdulus decay of an external layer of the bridigh, or a
localised reduction of section due to impact oclband stone detachments. The worked out exam|ieg a
checking of a very simple formulation based on fiteguency evaluation through the static displacamen
equivalence of energy, and the splitting of thevature diagram in the average part plus an addedlise
term due to the presence of defects. The propasetlfa is in good agreement with the FE analysessaift
ficiently simple to be used for the detection of tlamaged material properties, as a function ohtlezage
frequency decay.

1 INTRODUCTION group in checking the effectiveness of the proposed

The long term monitoring of bridges requires infor-formula (Doebling et Al. 1996).

mation about the signatures produced in the dynamic The influence of the structural damage in terms of

properties of the bridge by the deterioration fexto change of natural frequencies is dealt with byomtr

acting on the bridge itself (Salawu 1997). While inducing in the static equivalence to the dynamic vi-

general for concrete and steel bridges the molst-inf bration formula, the effect of the damage as a

ential factors are localised damages produced by inthange in the curvature diagram. As in the case of

pacts or fatigue cracks, in masonry bridges a vergontinuous deterioration, the change concerns the

important role is played by environmental degradabridge section becoming a bi-modulus arch, where

tion of mortar and blocks (Benedetti et Al. 2010). as in the case of a localised defect, the change is
Starting from previous studies dealing with the redinked to a curvature spike (Gillich 2014).

lationship between material properties decay and Although the analysis is based on the study of a

harsh environmental conditions such as marine sprastraight beam, it is fully applicable to circulach-

or contaminated damp, some preliminary analysess, as pointed out by Oz and s¥a8006), simply by

are carried out in order to connect recorded variachanging the abscissa with the curvilinear abscissa

tions in the dynamic properties of a bridge with a In the paper three arches with different opening

given level of damage suffered by the masonry maangle are used as a data set by introducing derdif

terial. Very important factors of the analysis #ie  ent damage patterns. The comparison of the numeri-

influence of cracks in increasing the depth ofdee cal frequency decay with the one predicted by the

graded layer, and the effect of repair works suxh adeveloped formula shows a good agreement over the

repointing of the mortar courses and substitutibn owhole comparison data set.

the exfoliated bricks. The preliminary results of this work implemented
As a first step in the definition of a precise itien as a step in the SHAPE research project granted by

fication procedure, in this paper the analysisas ¢ the INFRAVATION call, let us understand that the

ried out with reference to very idealised situasion frequency decay deserves special attention as a

such as the presence on the bottom face of thgébridwarning parameter since some defects produce an

of a continuous layer of damaged material, or theineven change on the frequency set of a bridge

presence of a local intake caused by impact of locatructure.

de-cohesion of the masonry texture. The comparison

will be performed versus a series of 2-D Finite-Ele

ment models, which will constitute the reference



2 FREQUENCY OF A DAMAGED BEAM ment given by the curvature spike resulting from th
As is well known, the natural frequency of a beanloss of rigidity of the damaged section.

with distributed mass and eventually a concentrated The displacement increase can be computed in a
mass over it, can be obtained through the equivaimplified and easy way, by considering a totaa+ot
lence of the kinetic energy of the vibration mode a tion of the two beam arms Ay'L., and the continu-

the potential energy of one equivalent deflectedty equation of the displacement:

shape of the beam under a concentrated force.

The concentrated force to be applied on the bear‘g’ =qala=plL-9 4)
corresponds to a given fraction of the beam weight, M(a) M(a) ]
depending on the position in which we want to con-Ay(a) =——~-——> = x(a) [E——l} (5)
centrate the beam distributed mass (Belluzzi 1960). EJ, HEJ El

If the selected force position along the beam,d#isi
the beam length in two partsa andb, we obtain the
weight fraction as:

WhereEJ is the rigidity of the undamaged section
while EJp is the one of the damaged part.
The increment of displacement in the mid span

20fa + b5)+14ab[Q £+ b°’)+ 35415 L produced by the localized damage is:
AP =GO e (1) )
1050&%0° L 5o 17 Galy [ EJ _1]
Where G is the total beam weight. When the mid 140 EBEJ ( EJ
span is selected, the resulting fraction is 1-35

The natural frequency of the beam can be e
pressed as a function of the displacement occurrin

under this force. If we consider a simply supported 22 £J -1/2
fop = fOEE1+ 12—'?[@ 1 lﬂ @)
D

(6)

X,_A\nd therefore the shift of frequency due to thealec
i&ed damage holds:

beam, the displacement is:

171G P
a(LI2)= 35 48FEJ (2) It is to point out that the formula is correct Uitkie
size of the damaged zone is small enough; if the

WhereE andJ are the elastic modulus and the iner-gamage is extended over the whole span of the-struc

tia moment of the beam section. ture the shift factor becomes:
The natural frequency is finally obtained as: s
L EJ
1-/9 foo=f [EH—D[E —1}} = f, [k (8)
f = N 3 0,D 0 0 %D
el 3) L (EJ,

stat

With g the gravity constant 9,81 ri/and the other That means that & is larger than 30% df approx-

. . imately, the second formula should be used. In real
]:)rr?dqeurer?lfrfSeCnazn be computed with the square of theapplication, unless the damaging factor is an irhpac

against the bridge, the formula (8) can be uset wit
If the beam has a damaged section, the displaceh acceptable approximation.

ment is increased by the concentrated curvature In order to assess the efficiency of the proposed

spike resulting from the local loss of rigidity, as formulation, a parametric investigation is perfodme

figure 1. by using as reference set a series of Finite Elemen

analyses of hinged-hinged arches.

L/2
<— a —> L2

3 EVALUATION OF THE DAMAGED AREA

The damaged section rigidity is easily calculatgd b
inverting formula (8). In particular we obtain:

I —
n=Bb -4 [ L4 L )
Y EJ S )L
By J(A)((x)) ... And this allows evaluating the size of the damaged
zone simply by using a bi-modulus section geome-

. . . try.
Fig.1: displacement components in a damaged beam . .
g P P g If the damaged section has a layer of thickress

The decrease of natural frequency of a damage®f reduced elastic modulus,, we can express by
beam is strictly related to the increase in displac



well-known mass geometry formulas the section ri4 PARAMETRIC VERIFICATION
gidity. By setting:
The verification of the proposed formula was per-

p:E e 1_5, (10) formed with reference to a prototype arch of 4.4 m
h E radius and section 0B0 nf. The modulus is set as
it is possible to compute the ratioas a function of 6000 MPa and the mass density as 1800 kg/m
the parameters and: Three different arch openings are considered, name-
ly 180°, 135° and 90° degrees.
_1-4up+6up’ - 4up’- ot 11 The damaged material is assumed to suffer a re-
n= 1-up ' (11 duction of 50% the modulus, and when a localized

damage is present, the arch thickness is reduced of
Since the value gbis in general small, it is possible 0.1 or 0.2 m. As a concern, six different casesshav
to approximate this value by the series expansiobeen verified, as is shown in the following Figdre

around O up to the second term. and Table 1.
(2- 1) The selected cases encompass three models in
n=1-3up+ 3,u2,02—’u. (12) Wwhich a general damage is widespread over the low-
M er face of the arch, as a simulated weatheringieond

tion in which mortar and bricks are degraded.

Other three models present localized zones of
ssing material at the crown and at the voussair,

a consequence of a local defect or impact.

The following figure 2 represents the ratio of dpe
proximated expansion (12) as a ratio of the exagh .
formula (11). The fit is very good for the range of
practical values of the observable damage.

Table 1. Description of the examined cases.

Cast | Damag: | Thicknes | Lengtt Positior
[m] [m] [m]
A referenc | 0.1C - -
B materia 0.1C total -
C materia 0.2C total .
. ;/ D materia | 0.1¢-0.2C | total -
%'54 ey ' E intake 0.2( 0.4C VOUSSOi
0 Ve & F intake 0.1C 0.8C cente
arrord 2 G intake 0.20 1.2C cente
0.1 fat

The computed first ten frequencies of the three ref
erence arches are reported in the following table 2

Table 2. Frequencies of the reference arches.

¥4 Arch Openin
_ _ g Frequenc  180¢ 135¢ 90°¢
Figure 2. Error plot of the series expansion 1 7.73 17.21 44.36
2 22.88 41.48 58.07
Assuming that the last coefficient of Eq. (12)ms i 3 44.8C 65.3C 10E.5€
the range {1;3}, we can extract an approximate val4 gg-é‘z‘ Igfis i?gig
ue of the produgp /. 86.90 124.92 244.6C

10€.38 172.34 27C.78
13E.5¢ 184.47 32€.47
147.78 222.61 39E.07
17147 26£.08 40€.22

(13)

_5-4m-1
pp ="

= O 0 ~NOOU
o

Once the elastic modulus decay is estimated by on

site testing methods or assuming a sensible ramucti  The following tables report the variation of the
factor (/ = 1 for missing material), the damagedfrequencies as a function of the seven examined
mined. _ ized damage gives rise to alternate increase and de
The given formula has been tested against thgrease of frequency values, while for the caseif d
numerically simulated damage patterns described iffipyted damage, the frequency shift is evenly
the next section. distributed in the frequency range and approxinyatel
linear with the damage level.



Fig. 3: The seven examined arch cases. The danragtstial
in dark grey.

The following tables list the main 10 frequencies
of the 18 examined cases for the 6 damage pattern

Table 3.a. Frequency fractions of the 180° arch.

Cast B C D E F G

Freq [%] (%] [%0] [%0] (%] [%0]
90.9 85.1 87.8 934 10C.4 10C.7
90.9 849 87.6 96.9 98.0 94.1
91.2 85.3 88.0 10C.1 99.9 98.1
94.9 90.1 92.2 10C.9 97.0 91.3
93.9 89.8 91.7 95.8 10C.0 101.3
955 91.0 93.0 10C.6 10C.3 99.8
94.1 90.4 92.2 94.7 99.7 97.4
92.7 87.4 89.7 98.4 96.8 92.8
97.2 944 95.8 99.9 10C5 101.2

0 92.8 87.7 88.9 99.3 995 95.7

POO~NOUI~AWNE

Table 3.b. Frequency fractions of the 135° arch.

Cast B C D E F G

Freq [%] [%0] [%0] (%] (%] [%0]
90.9 849 87.6 91.7 10C.4 10C.0
91.3 85.2 88.1 95.8 99.0 97.2
97.1 94.2 955 101.0 96.9 91.8
91.6 85.7 885 10C.0 99.6 96.5
97.6 949 96.1 99.2 10C5 10C5
92.4 87.2 89.6 96.8 98.6 98.3
93.0 88.1 915 95.2 99.3 94.8
97.1 937 95.3 10C.4 97.8 94.6
93.6 89.3 91.2 97.8 99.3 99.6

0 94.7 89.9 92.6 99.2 99.9 95.9

P OO~NOOUOITAAWNE

Table 3.c. Frequency fractions of the 90° arch.

Cast B C D E F G

Freq [%]  [%]  [%]  [%] [%] [%]
910 849 877 888 1002 973
969 934 951 988 1018 1047
932 887 907 982 946 889
960 916 941 999  10C3  10C6
945 910 933 985 993 931
930 879 905 967 993 985
978 951 958 105 975 952
937 890 909 956 983 935
973 928 949 984 1004 994

C 945 916 929 983 994 965

P OO~NOOOTAAWNE

The proposed formula has been tested against the
collected numerical data. In particular, the sectio
rigidity of the damaged section has been computed
by using standard rules of the technical theory of
beams. The obtained values are listed in table 4.

Table 4. Inertia moments of the various sections.

Cast Layer Layer 2
Height  Modulus Height Modulus Inertie
(m] (MPa]  [m] [MPa]  [m]
A 0.80 600( - - 0.042'
B 0.70 600( 0.10 300¢ 0.036:
C 0.€0 600( 0.20 300¢ 0.032(
D 0.6t 600( 0.1t 300¢ 0.033¢
E,C 0.€0 600( - - 0.C18cC
F 0.70 600( - - 0.C28¢

The damaged length of the various cases has been
set to the whole arch length in the cases B, C,(and
Swhile it resulted as 0.3, 0.8 and 1.2 in the remngin
cases. The computation of tkg factors of formula

(8) is straightforward.



The following Table 5 reports the comparison.  show that this behaviour is very common in real sit
uations. Therefore this criterion, that means the

Table 5. Performance test of formula (8). standard deviation of the frequency shift, is very
Arch Value B c D E = G useful in pointing out the distribution of the dagea

%] %] [%] [%] [%] [%] The frequency shift of the examined cases E, F,
180° Average 934 886 907 980 992 97.3 and G for the 180° arch, are presented in figure 5.
180° Min 909 849 876 934 968 913
180° ko 920 867 820 981 986 945

110%

135 Average 939 883 916 977 991 10C6
135¢ Min 969 849 876 917 969 0931
135 kp 920 867 880 975 982 0985
90 Average 94.8 906 926 974 99.1 952
90° Min 91.0 849 877 888 946 935
90°  kp 92.0 86.7 89.0 963 973 994

105%
SN
95% /A\

90%

180° errol 154 218 188 -0.09 06C 28C
135° errol 209 29 287 026 098 4.14
90°  errol 295 433 389 117 185 712

— case A —O— caseE
caseF —A— case G

85%

Frequency Reduction Factor

80% T T T T T
As is apparent in table 5, the errors involved in 0 2 4 6 8 10 12

the simplified analysis are very small and allow a Frequency Number

back Calcu,latlon of the_ damage _eXten_t fro_m the freI':ig. 5: Frequency shift for the examined casesochlized
quency shift recorded in an ambient vibration expergamage in the 180° arch.

iment.

As pointed out by Cruz and Salgado 2009, Tomor The presented analysis of the damaged section is
and Nichols 2015, Shal!horn 2012, the ch_ange in _thgsed to compute back the prodyets as a damage
frequency set is very different if we consider a-di index from the average frequency decay of the com-
tributed and a localized damage. In particular @& ge puted frequency set. The computed values are com-

eralised material decay is producing a proportionabared with the exact damage indices gathered from
reduction on the whole frequency set, with a nearlyhe arch model geometries.

linear relationship between the two parameters.
Generalized damages can arise as a consequerle 6. Performance test of formula (13).
of fatigue, creep, or foundation settlements. Detai
on the techniques that allow detecting such rigidit Arch Value B ¢ b E F G
changes can be gathered in Tomor and Verstrynggsoc n 087z 078t 082z 0411 0782 0.602
2013, De Santis and Tomor 2015, Colla et Al. 1997.180¢ ou  0.07€ 0.121 0.10% 0.277 0.12% 0.207
In figure 4 the frequency shift due to homogene-180° exac 0.06: 0.12& 0.094 0.25C 0.128 0.25C
ous damage distributions B, C, and D, is presented.  eror 22% -3% 9%  11% -2%  -19%
As Is apparent, the average frequency shift is 8Imo .o | gg; 70¢ 083c 044c 0815 0641
linear with the increase in thickness of the damdage;ss< 5, 0071 0115 0094 026 0107 0.187

layer. 135° exac 0.06: 0.128 0.094 0.25C 0.128 0.25C
error 13% -8% 0% 5% -14%  -25%

110%

90° n  0.89¢ 0821 0857 0517 0.86: 0.71¢
—caseA  —O-caseB 90° pu 0062 0104 0084 0236 0081 0.15:

caseC  —&—caseD 90° exac 0.065 0.125 0.09¢ 0.25C 0.125 0.25C
enor -1%  -17% -10% -5%  -35% -39%

[ =
o o
2 g
S X

95% 1 As is apparent in table 6, the errors involved in

the reconstruction of the damage index is quite ac-
ceptable, assumed that the values are back caddulat

90%

Frequency Reduction Factor

85% 1— . from the average frequency shift and not in furrctio
80% , , , , . of the shift function. It seems however that thei-ea
0 2 4 6 8 10 12 ness of application of the proposed method could be
Frequency Number a great improvement in the fast calculation ofehe

Fig. 4: Frequency shift of the 180° arch with contius dam- ficiency status of existing bridges.

age distributions.

On the other hand, the presence of a localized i CONCLUSIONS
take in the arches is producing an interleavinthef
shifted frequency plots. Cruz and Salgado 2009The paper presents some preliminary parametric
Tomor and Nichols 2015, and Brencich et Al. 2009 analyses finalized at the statement of identifarati



rules which can be preliminarily applied to real
bridges in order to orient a computational procedur
based on automated response acquisition at selected
time intervals. REFERENCES
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