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Modal mass is one of the modal parameters that are required to define the dynamic behavior of a structure when a modal model is
used. In experimental modal analysis (EMA), modal masses are the least reliable modal parameter, while in operational modal
analysis (OMA), modal masses cannot be estimated because the exciting forces are not measured. In this paper, the concept of
cross-length between mode shapes is formulated for continuous and discrete systems, and important properties are derived from
this definition. It is demonstrated that the cross-length is zero for all modes in constant mass density systems. For structures
consisting of parts with different mass density, equations that relate the partial cross-lengths over the different volumes and the
total masses of the different parts can be formulated for each mode, i.e., there is a relationship between the cross-length and the
total mass of the parts with different mass density. The equations proposed in the paper have been validated through numerical
simulations and experimental testing on two lab-scaled structures. This methodology can also be applied as a correlation
technique, specifically to determine how the mass is distributed in the structure, as well as a technique to construct a proportional

FRF in constant mass density systems.

1. Introduction

When a modal model is used in structural dynamics to
describe the dynamic behavior of a structure, four modal
parameters are required: natural frequencies, modal masses,
mode shapes, and damping ratios. In experimental modal
analysis (EMA), modal mass is the least reliable parameter,
and it is also highly sensitive to response magnitude.

In operational modal analysis (OMA), modal masses
cannot be estimated because the forces are not measured.
Therefore, several techniques for scaling mode shapes (mass
normalization) have been extensively studied in recent years.
According to Brandt [1], these methodologies can be divided
into the following categories:

(1) Methods based on the repetition of OMA tests with
several configurations of the structure (modifying its
dynamic behavior). These methodologies are mainly
based on changing the mass of the structure [2-5]

and have been successfully validated in practical
applications [2-5]. However, performing static mass
modifications can be challenging in real applications,
such as civil structures where large masses are re-
quired. Several methodologies have been proposed
to overcome this inconvenience. In bridges, moving
vehicles can be used to modify the mass of the
structure [6-10], but the traffic must shut down.
Sheibani et al. [11, 12] proposed to consider traffic
loading as the source of mass modification.

(2) Methods based on operational modal analysis with

exogenous inputs (OMAX) where the unmeasured
environmental excitation is complemented with an
additional measured force provided by external ac-
tuators [13-15].

(3) Methods relying on OMA tests with the use of

specific dynamic systems coupled to the main
structure, such as tuned-mass dampers (TMD) [16]
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or by adding people to the system and using a da-
tabase of pedestrian excitation [17].

(4) Methods based on using harmonic forces (OMAH).
This procedure involves the use of general-purpose
actuators and simple signal processing [18-20].

(5) Methods relying on finite element models [21],
which combine the mass matrix or the modal masses
of the numerical model with the experimental mode
shapes.

The magnitude and units of the modal mass depend on
the method used to normalize the mode shapes. A mode
shape is considered to be mass normalized when the modal
mass m is dimensionless unity, i.e., m = 1, while it is defined
as unscaled when it is not mass normalized [22-30]. The
unscaled mode shape vector ¥ and the scaled (mass-nor-
malized) mode shape vector ¢ are related through the ex-
pression [5, 31]

1
$= N (1)

Besides mass normalization, normalizing to the unit
length and the largest component (or to the n-th DOF
component) equal to unity are the most common techniques
used for mode shape normalization.

A mode shape ¥ can be normalized to the unit length by
means of the expression

Yp=-> (2)

e

where v, indicates mode shape normalized to the unit
length and L, is the length of the mode shape.

The Euclidean length Ly of a mode shape ¥ (x) in one-
dimensional continuous systems is defined as [32]

L 2
Ly =yl = j hy (x)2dx, 3)

where the subindex “E” indicates Euclidean. However, the
length Ly given by equation (3) is not dimensionless, al-
though the mode shape is.

The Euclidean length (or Euclidean norm) of a real
discrete vector y is commonly measured as

Lg = Iyl = \y'"y. (4)

The length L given by equation (4) is dependent on the
number of components of vector y and it has the same units
as the mode shape.

Aenlle et al. [29, 30] defined a new concept of length of
a continuous mode shape, which does not coincide with
the length of a vector in a Euclidean space that is normally
used in linear algebra. This concept was also extended to
discrete systems, introducing the concept of a volume
matrix. This new definition allows for a better in-
terpretation of the modal mass. In constant mass density
systems, the modal mass is equal to the total mass of the
structure when the mode shapes are normalized to the
unit length, whereas the concept of apparent mass

Shock and Vibration

(different for each mode and dependent on the mass
distribution) was proposed for nonconstant mass density
systems.

In this paper, the concept of cross-length between mode
shapes is formulated for continuous systems and later ex-
tended to discrete cases by introducing the concept of length
matrix. It is demonstrated that in constant mass density
systems, the cross-length is zero for all the modes. If the
structure is constituted by two parts with different mass
density, the ratio of the partial cross-lengths over the two
volumes is constant for all the modes and equal to the ratio
of the total masses of the respective volumes. The concept of
cross-length is used in this paper to determine the accuracy
of the modal masses estimated with OMA and EMA. The
proposed methodology can also be used to construct
a proportional frequency response function (FRF) in con-
stant mass density systems when the modal masses are
unknown.

Since finite element programs do not provide the
lengths and cross-lengths of the mode shapes, an ap-
proximate equation for calculating the length and cross-
length of numerical mode shapes is proposed in this
paper. Then, this methodology was extended to experi-
mental systems using the structural dynamic modification
theory.

Additionally, this methodology can also be applied as
a correlation technique. Model correlation techniques are
methods used to compare two different models, typically
anumerical model and an experimental model. Numerous
techniques have been proposed in the literature [33-35],
but the most used methods are those based on comparing
eigenvalues and eigenvectors. However, no techniques
have been proposed to determine whether the discrep-
ancies are in terms of mass, stiffness, or both. In this
paper, the cross-length is used to determine how the mass
is distributed in the structure and to identify the dis-
crepancies in terms of mass between numerical and ex-
perimental models.

The paper is organized as follows: following the in-
troduction, Section 2 presents the basic theory and the
equations regarding the length of mode shapes and modal
mass in constant and nonconstant mass density systems.
In Section 3, the concept of cross-length of mode shapes is
defined for both constant and nonconstant mass density
systems, which enables the identification of how the mass
is distributed in the structure. Approximate equations to
calculate the length and the cross-length in numerical and
experimental systems are proposed in Section 4. From the
concept of cross-length, several important properties are
derived in Section 5 for constant mass density systems,
which can be used to validate results obtained through
experimental and operational modal analyses. The con-
cepts and the equations proposed in this paper were
validated in two experimental systems. The results of the
numerical models and the experimental tests carried out
on an L-shaped steel structure and a T-shaped structure
made of steel and wood are presented in Section 6. The
paper concludes by summarizing the main findings in
Section 7.



Shock and Vibration

2. State of the Art

2.1. Length of Mode Shapes. In [29, 30], the squared length L?
of a continuous mode shape y; was defined as the average of
the length squared |y;|* of the mode shape over the con-
sidered volume V

1
L= Vjvh"i'zdv’ (5)
where V is the total volume of the system. When equation
(5) is used, both the length and the mode shapes have the
same units.

The continuous formulation was extended to discrete
systems in matrix form as [29, 30]

1
Li = ¥ Vi (6)

If the structure is constituted by two parts with
two volumes V, and V;, with mass densities p, and
py» respectively, equation (6) can also be expressed as
(29, 30]

LV =LV, + LV, (7)

(8)
2av,

L —IJ Iy, "av; LZ—IJ |
0=y )y Yy, ; ib v, v, Yy,
are the partial lengths, now defined over the partial volumes
V, and V,, respectively.
In discrete systems, equation (7) still holds, and the
expressions of the partial lengths are given by [29, 30]
1

T I
L, = v ViV Ly = v, Vip Vi 9
a

« _»

Equation (7) easily generalizes to cases with many “gq
volumes with constant mass density, i.e., [29, 30]

2e, 2
LV = Y LV (10)
q

2.2. Modal Mass in Constant and Nonconstant Mass Density
Systems. The modal mass for a continuous system with
constant mass density is defined as [29, 30, 36, 37]

m; = valwilde- (11)
It can also be expressed as
1
m; = pV—J lws?dv = ML, (12)
Viv

where M = pV is the total mass of the system. The same
expression is obtained for discrete systems as

m; = y; My; = pV’ %‘l’iTV‘Vi = ML;. (13)

If the structure consists of two volumes, V , with the mass
density p, and V, with the mass density p,, the modal mass
can be formulated as [29, 30]

\% 14
m; = V—uJ Pa|Wvi, "av + \Th J Pb|\pvih|2dv = M,L;, + M,Lj,
adVa b
Vb
(14)
where
M=M,+M,. (15)

Equation (14) shows that the modal mass can be ob-
tained as the summation of the partial lengths defined over
the partial volumes weighed with the total mass of each

volume. Equation (14) can be easily generalized to “g
volumes as [29, 30]

_ 2
m; = ) ML, (16)
q

3. The Concept of Cross-Length of Mode Shapes

If a mode shape y has three components y,, y,,V,, the
Euclidean length is given by

lyl = V5 + 5 + v (17)

The continuous cross-length L;; between the mode
shapes y; and v; is defined as

1 2.2 2 2 2.2
L= % J \/‘I’xi‘l’xj + YWy + Wy AV, (18)
v

which has the same units as the mode shape.
On the other hand, the discrete formulation of the
squared cross-length L;; in matrix form is given by

|53 1

_ T .,
ij — V "/i V‘Vj’ I#J (19)

A length matrix L? containing the squared lengths in
the diagonal terms, and the squared cross-lengths in the
oft-diagonal terms, can be obtained by means of the
expression

L’ = % v V. (20)

3.1. Cross-Length in Constant Mass Density Systems. The
orthogonality of the mode shapes y; and y; with respect to
the mass matrix is given by

mi; =y My; =0, i#]. (21)

In constant mass density systems, equation (21) can also
be expressed as



1
mi = pV ViVy; = ML} =0 i#j, (22)

from which it is inferred that

I =0,

i.e., in constant mass density systems, the cross-length is zero
for all the modes and, consequently, the length matrix L? is
diagonal.

3.2. Cross-Length in Nonconstant Mass Density Systems. If
the structure consists of two volumes V, and V,, the cross-
length between the mode shapes v; and y; can be expressed
as
2 2 2
LV =L}V, + L}V,

ija’ a i

i+, (24)

where L7, and Lizjb are the squared partial cross-lengths
calculated over the two volumes, V, and V, respectively.
The orthogonality of the mode shapes y; and y; with
respect to the mass matrix results in
mi; = ML, + ML, =0, i#j, (25)
from which the following relationship between total masses
and the squared cross-lengths is derived:

2
M, Lw ..

=——=- i#] (26)
Mb Lizja

From equation (26), it is inferred that the ratio of the
partial cross-lengths over the volumes V, and V, is constant
for all the modes and equal to the ratio of the total masses of
such volumes.

The generalization of equations (24) and (25) to “q”
volumes leads to

2 2
LV = Z LV
q

. (27)
Z Ly Mg =0,
q

respectively.

4. Length and Cross-Length of Numerical and
Experimental Mode Shapes

Finite element programs do not provide the lengths and the
cross-lengths of the mode shapes given by equations (6) and
(19). Although the mode shapes can be exported from finite
element programs, this is not the case with the volume
matrices and, consequently, the lengths and the cross-
lengths cannot be calculated in an external application
either.

If a structural numerical model is discretized with Ny,
finite elements of small volume AV, the squared length of
a numerical mode shape gy can be accurately approxi-
mated by
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Ny 2
2 = 2 AV kWi (28)
FEi = Ny >
Zk:1AVK
where Y is the k-th component of mode shape ygg; at the
centroid of the volume AV, If all the elements have the same
volume AV, equation (28) results in

Ny 2
PR R =

As the components of the mode shapes are commonly
known at the nodes of the elements, the squared length of the
i-th mode shape ypp; can be approximated by means of the
expression

T
12, = ‘PFE;\‘II’FEi ’ (30)

where N is the number of nodes in the model.
Similarly, the squared cross-length L% between the mode
shapes y; and y; can be approximated by

T
2o VrEi VEE) (31)

FEjj N .
A length matrix L2; containing the square lengths in
the diagonal terms and the square cross-lengths in the off-

diagonal terms can be obtained by means of the
expression

T
12, = YeeVEE (32)
N

According to the structural dynamic modification the-
ory, the experimental mode shapes can be expressed as
a linear combination of the numerical ones Ygg [38-40]
using the expression

Vx = Yge T, (33)

where T is a transformation matrix. Since the experimental
mode shapes are only known at the measured or active
DOFs, an approximation of matrix T can be obtained by

T= ‘V;EalPXa’ (34)

where subindex “a” indicates active or measured DOFs and
superindex “+” indicates pseudoinverse.

Assuming that the experimental system is discretized
with the same number of volumes as the numerical model,
the matrix with the experimental squared lengths and
cross-lengths L% can be obtained by means of the
expression

T
1= ¥ (35)

Substituting equation (33) in (35) leads to

TT‘V}EE‘VFET
N

n

L2 = T'LET. (36)
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5. Implications of Constant Mass Density

Several important properties for constant mass density
systems are derived from the equations presented in Sections
2 and 3. These properties can be used to validate results
obtained with experimental and operational modal analysis
and to construct proportional frequency response functions
and proportional change flexibility matrices.

5.1. Relation between Modal Masses. From (12), it is inferred
that the modal masses of a dynamic system with constant
mass density are related through the equation by
m;  m, m M
—2:—2....:—2:...: . (37)
JEE L
This means that if the modal mass of one mode is known,
the modal masses of the remaining modes can be estimated
with equation (37).

5.2. Relation between Modal Masses. The frequency response
function (FRF) in terms of modal parameters, in case of
proportional damping, is given by

N

T
VA
H(“’):Z ( 2

2, g
oam(w -w +12(,wwr)

(38)

where w is the frequency, and w,, {,, andm, are the natural
frequency, damping ratio, and modal mass of the r-th mode,
respectively. If equation (37) is substituted in equation (38),
the resulting equation is

N

1 vy
Hw—MZﬁ

2 2 . :
5 ,(w, -w +12(rwwr)

(39)

This means that a proportional FRF can be constructed
without knowing the modal masses, i.e., only the squared
lengths of the mode shapes are needed.

5.3. Change in Flexibility Matrix. The flexibility matrix f, in
terms of modal parameters, is expressed as

T

— Z ‘|’r‘|’r ) (40)

If we consider two different states of an experimental
structure, damaged denoted here with the subindex “D” and
undamaged, denoted here with subindex “U”, the change in
flexibility matrix is given by

N T T
Af = Z ‘VXDr\P)Z(Dr _ ‘I’XUr\l’)2<Ur , (41)

=1 MxprPxp, =1 MxurPxur

where subindex “X” indicates experimental.

If we assume that there are no changes in terms of mass
between both states, i.e., the total mass M is the same for
both states, the following equation can be expressed as

Z ‘I’XDr‘VXDr 1 i WXUrW;(Ur’
M

LXDr wXDr o1 Lxur @xur

(42)

Z Vxor VXD Z Vxur Vxur
i Lyor@xp, 5 Lixur@xor)
i.e, a proportional change flexibility matrix can also be
constructed without knowing the modal masses.

Moreover, as there are no changes in mass, the modal
mass matrix of the damage system can be obtained by

myp = T my T, (43)

where T is a transformation matrix, which relates the mode
shapes yxp and yxy by

Yxp = ¥xu T. (44)
Substitution of equation (12) in (43) results in
ML%, = MT'LE, T, (45)

i.e., the squared length matrix of the damage and undamaged
mode shapes are related by

Lip = T, T. (46)

5.4. Mass Change Method. When the mass change method is
used to estimate the modal masses in operational modal
analysis, the following equation can be used [5, 31]:

T
AMU
m; = M’ (47)

(wéi/wi. - 1)Bii

where subindexes “0” and “I” refer to unperturbed and
perturbed systems, respectively. AM is the mass change
matrix, and B;; is the i-th diagonal entry of the matrix B
defined as

B = yoy;. (48)
Substituting (12) in (47) yields
\V&AM\PII _ — wgrAM‘VIr _
(w(zji/w%i )Bzsz (wér/wlr - 1)BrrLr
(49)
6. Experimental Examples

6.1. An L-Shaped Steel Structure. A steel structure with L-
shape, consisting of a vertical column with a height of 1. 46 m
and a horizontal beam that is 0.615m long, was considered
in this study. Both the vertical column and the horizontal
beam have a rectangular hollow steel section of 8 cm x 4 cm
and a thickness of 4mm. The structure was fixed at the
bottom of the column (see Figure 1), and its total mass was
My =13.42kg.



FIGURE 1: The steel structure used in the experiments.

A numerical model of the structure was assembled in
ABAQUS [41] and meshed with shell elements S8R (8 nodes
with reduced integration) using a global size of 0.005m (see
Figure 1). A fixed support was considered at the bottom of the
column. The following mechanical properties were considered
for the steel: mass density ¢ = 7850 kg/m3, Young’s modulus
E = 210°10° N/m2, and Poisson’s ratio » = 0.3. The total mass
of the numerical model was M, = 14.59kg.

The numerical natural frequencies fpp and the modal
masses mpy corresponding to the first eight modes, extracted
with a frequency analysis, are shown in Tables 1 and 2,
respectively. The mode shapes were normalized to the largest
component equal to unity and are presented in Figure 2.

The experimental modal parameters were first estimated
with operational modal analysis (OMA). The structure was
excited by applying many small random hits using the hands
[25], and the responses were measured at fifteen points using
twelve accelerometers (two data sets) with a sensitivity of
100 mV/g. The test setup is shown in Figure 3, where the
arrows indicate the measured directions.

The responses were recorded for approximately 4 minutes
using a sampling frequency of 2132 Hz [42]. The singular value
decomposition of the experimental responses is presented in
Figure 4. The modal parameters of the first 8 modes were
estimated with the stochastic subspace iteration (SSI) [25]
technique, and the natural frequencies are presented in Table 1.

The modal parameters were also estimated with exper-
imental modal analysis, using the same sensors, in-
strumentation, and test setup as those used in OMA. The
structure was excited with an impact hammer applying the
forces in DOFs 10, 11, and 12, respectively (see Figure 3). The
modal parameters were estimated with the complex mode
indication function (CMIF) technique [22-24]. The natural
frequencies are presented in Table 1 and the modal masses
estimated by EMA (my,) are shown in Table 2.

The numerical L2, and experimental L squared length
matrices estimated with equations (32) and (35), re-
spectively, are shown in Tables3 and 4.

Although there are significant discrepancies between the
experimental and the numerical models, the latter was not
updated in order to show the robustness of the equations
proposed in this paper.
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TaBLE 1: Natural frequencies (Hz).

Natural frequencies (Hz) Error (%)

Mode
FE model OMA (SSI) EMA FE-OMA FE-EMA

1 12.53 10.945 10.938 14.48 14.55
2 20.85 18.953 18.75 10.01 11.20
3 55.74 50.995 50.781 9.30 9.77
4 55.31 54.39 54.688 1.69 1.14
5 131.98 115.485 115.625 14.28 14.14
6 198.10 179.742 180.469 10.21 9.77
7 324.78 283.539 284.572 14.55 14.13
8 502.56 464.154 465.35 8.27 8.00

TaBLE 2: Modal masses (kg) of the L-shape structure. Mode shapes
normalized to the largest component equal to unity.

Modal masses (kg)

Mode 5 T
Mpg my,; = My, L{ my, =TT my; EMA

1 6.9033 6.3732 6.9460 6.25
2 3.6589 3.7333 4.0540 3.74
3 1.7099 1.5769 1.7082 1.47
4 2.0423 1.8854 2.0390 1.87
5 7.1208 6.5764 7.1831 6.57
6 5.6175 5.1591 5.6162 5.51
7 5.4204 4.8506 5.3671 4.93
8 5.6316 4.2968 4.6581 418

The modal masses were also estimated with the equation
proposed in [21]:

my, = T'T, (50)

where matrix T must be estimated using mass-normalized
numerical mode shapes and unscaled experimental mode
shapes.

Since the total mass of the experimental structure is
known, the modal masses were also estimated with equation
(13) (my, in Table 2), using the experimental square length
matrix L%.

6.1.1. Discussion. The discrepancies in terms of natural
frequencies between the numerical and experimental models
are in the range 0-15%. The modal assurance criteria (MAC)
[34, 35] (see Table 5) give diagonal values over 0.9795, which
indicates a good correlation in terms of mode shapes;
however, high off-diagonal values have been obtained.

The errors in modal masses obtained using different
techniques described in the previous section, are shown in
Table 6. The maximum error between my, and my; is 7%,
which indicates that the squared length L3 has been esti-
mated with good accuracy using equation (35), although
there are significant discrepancies between the numerical
and the experimental models.

Since the mass density of this structure is constant, the
modal masses corresponding to each mode shape are related
through equation (37). The ratio modal mass/squared length
is presented in Table 7 and the errors are shown in Table 8.
The ratios myg/L%, are, as expected, very close to the total
mass Mpp = 14.59kg of the numerical model for all the
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Mode 6

Mode 7

FIGURE 2: Numerical mode shapes of the L steel structure.

modes, with discrepancies being less than 1% (see Table 8).
In this case, the ratios are not exactly equal to
Mg = 14.59kg because the length of the numerical mode
shapes is estimated using (32), which is an approximation.

The ratio my, /L% coincides with My = 13.42 kg because
My is used in equation (13).

The maximum discrepancies between my,/L% and
My =13.42kg are in the range 8.15-10.65%. The ac-
curacy of equation (50) (my,) depends on the

correlation, in terms of mass, between the numerical
and experimental models. Since there is a discrepancy
of approximately 10% between the total masses of both
the (experimental and numerical) models, it is expected
to have errors of the same order in the modal masses
estimated with equation (50). On the other hand, the
ratio my,/L% is very close to My = 14.59kg for all the
modes, with the maximum discrepancy being less than
1.77%.
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FIGURE 3: Test setup for both operational and experimental modal analyses.
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FIGURE 4: Singular value decomposition of the responses.

A better correlation exists between My and my;/L%
(modal masses estimated with experimental modal analysis),
with the discrepancies being less than 7% for all the modes
with My = 13.42kg.

In constant mass density systems, there exists a relationship
given by (37) between the modal masses of different modes.
This information can be used to validate the modal masses
estimated through modal analysis (or by combining numerical
models with modal analysis). The accuracy of the presented
results can be improved by achieving a better correlation
between the numerical and the experimental models.

6.2. A T Steel-Wood Structure. This structure consists of
a vertical steel column (height 1.70m) with a rectangular
hollow steel section of 8cm x 4 cm and thickness of 4mm,
and a horizontal wooden beam (length 2 m1) with rectangular
section of 12.7cm x 7cm (see Figure 5). The structure is
fixed at the bottom of the column, and a steel plate was
welded at the top of the column to connect it to the wooden
beam using four bolts. The total mass of the steel part is M ¢ =
11.96Kg and that of the wooden part is My, = 11.46Kg.

A finite element model was assembled in ABAQUS
[41] using the geometrical parameters described in the
previous paragraph and meshed with 3D elements (20
nodes with reduced integration). The following me-
chanical properties were considered for the steel: mass
density ¢ =7850kg/m3, total mass Mpy = 13.02kg,
Young’s modulus E = 210210° N/m2, and Poisson’s ratio
v =0.3. For the wood, the following properties were
considered: mass density ¢ = 644kg/m3, total mass
Mppw = 11.46kg, Young’s modulus E = 13.5¢10° N/m2,
and Poisson’s ratio v = 0.38. The numerical natural fre-
quency fpp and modal masses myy are presented in Ta-
bles 9 and 10, respectively.

The experimental modal parameters were estimated with
experimental and operational modal analysis. In OMA, the
responses were recorded for approximately 4 minutes with
a sampling frequency of 1632 Hz using two data sets (see
Figure 6). The responses were measured at twenty-one
points using fifteen accelerometers (100 mV/g) using the
same data acquisition system as that used in the L structure.
The singular value decomposition of the experimental re-
sponses is presented in Figure 7, and the modal parameters
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TaBLE 3: Squared length of the first 8 numerical mode shapes of the L steel structure.
Mode
1 2 3 4 5 6 7 8
1 0.4734 0.0000 0.0000 —-0.0006 0.0001 0.0000 0.0000 0.0000
2 0.0000 0.2512 0.0010 0.0000 0.0000 —-0.0005 0.0000 —0.0002
3 0.0000 0.0010 0.1407 0.0000 0.0000 —0.0005 0.0000 —0.0006
Mode 4 —-0.0006 0.0000 0.0000 0.1179 —0.0008 0.0000 0.0004 0.0000
5 0.0001 0.0000 0.0000 —0.0008 0.4882 0.0000 —0.0005 0.0000
6 0.0000 —0.0005 —0.0005 0.0000 0.0000 0.3848 0.0000 0.0009
7 0.0000 0.0000 0.0000 0.0004 —-0.0005 0.0000 0.3711 0.0000
8 0.0000 —0.0002 —0.0006 0.0000 0.0000 0.0009 0.0000 0.3876
TABLE 4: Squared length of the first 8 experimental mode shapes of the L steel structure.
Mode
1 2 3 4 5 6 7 8
1 0.4749 0.0116 0.0000 —0.0124 0.00000 0.0123 0.0125 0.0134
2 0.0116 0.2782 0.0020 —-0.0044 0.0046 0.0054 0.0014 0.0032
3 0.0000 0.0020 0.1175 —0.0014 0.0000 0.0000 0.0070 0.0065
Mode 4 —-0.0124 —-0.0044 —-0.0014 0.1405 —-0.0037 —-0.0021 0.0000 —-0.0016
5 0.0000 0.0046 0.0000 —0.0037 0.4900 0.0159 —0.0014 0.0157
6 0.0123 0.0054 0.0000 —0.0021 0.0159 0.3844 —-0.0028 0.0000
7 0.0125 0.0014 0.0070 0.0000 —-0.0014 -0.0028 0.3614 -0.0171
8 0.0134 0.0032 0.0065 —0.0016 0.0157 0.0000 —0.0171 0.3202
TABLE 5: Modal assurance criteria (MAC) of the L steel structure. TaBLE 7: Ratio modal mass/square length.
MAC Ratio modal mass/square length
0.9959 0.0003 0.1083 0.0005 0.1178 0.0000 0.0105 0.0000 Mode My /L2 my, /L2 My, /L2 M /12
0.0012 0.9960 0.0003 0.1167 0.0000 0.0051 0.0000 0.0825 FET FE X 27X Bx
0.1490 0.0002 0.9987 0.0001 0.1510 0.0000 0.0500 0.0000 1 14.5815 13.4200 14.6262 13.1607
0.0001 0.1590 0.0007 0.9972 0.0006 0.0893 0.0001 0.0447 2 14.5658 13.4200 14.5730 13.4442
0.1013 0.0000 0.1764 0.0000 0.9935 0.0002 0.0084 0.0000 3 14.5152 13.4200 14.5367 12.5100
0.0009 0.0039 0.0000 0.1204 0.0000 0.9927 0.0001 0.1524 4 14.4991 13.4200 14.5138 13.3107
0.0172 0.0000 0.0234 0.0000 0.0425 0.0000 0.9876 0.0001 5 14.5855 13.4200 14.6580 13.4068
0.0002 0.0700 0.0041 0.0557 0.0043 0.2200 0.0027 0.9795 6 14.6002 13.4200 14.6091 14.3328
7 14.6066 13.4200 14.8488 13.6395
8 14.5295 13.4200 14.5486 13.0553
TaBLE 6: Errors (%) between modal masses of the L-shape
structure.
Error (%) TaBLE 8: Errors (%) between the estimated ratio modal mass/
Mode squared length and the total mass of the structure.
Mpg-My; My, —My; My; — My; Mpg-My; My, -My;
1 8.32 8.99 1.97 1045 1114 Error (%)
2 1.99 8.59 0.18 217 8.40 Mode  mpp/Li; - myg/Ly - myg/Li - mys/L% -
3 8.43 8.33 7.27 16.32 16.20 Mg Mgy My My
4 8.32 8.15 0.82 9.21 9.04 ] 0.06 025 .99 193
5 8.28 9.23 0.10 8.38 9.33 5 0.17 o1 859 018
6 8.89 8.86 6.37 1.95 1.93 3 0.51 037 8.32 6.78
7 11.75 10.65 1.61 9.95 8.87 1 0.62 0.52 815 0.81
6 0.07 0.13 8.86 6.80
7 0.11 1.77 10.65 1.64
8 0.41 0.28 8.41 2.72

were estimated with the stochastic subspace iteration
(SSI) [25].

The modal parameters were also estimated by experi-
mental modal analysis (EMA) using the complex mode
indicator function (CMIF) technique. The same sensors,
instrumentation, and test setup as those used in OMA were
used in the EMA, with the structure excited with an impact

hammer applying the forces in DOFs 9, 14, and 15, re-
spectively (see Figure 6).

The experimental natural frequencies corresponding to
the first eight modes are shown in Table 9. The mode shapes
are presented in Figure 8.
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FIGURE 5: The T steel-wood structure used in the experiments.

TaBLE 9: Natural frequencies of the T structure.

Natural frequencies (Hz) Error (%)

Mode
FE model OMA (SSI) EMA FE-OMA FE-EMA

1 6.21 5.284 5.308 17.52 16.99
2 11.89 10.337 10.388 15.02 14.46
3 13.07 12.07 11.79 8.29 10.86
4 24.69 18.883 18.366 30.75 34.43
5 56.07 50.276 50.753 11.52 10.48
6 95.45 76.817 75.258 24.26 26.83
7 110.48 99.966 100.315 10.52 10.13
8 151.47 138.73 140.385 9.18 7.90

Since the total mass of the two parts of the experimental
structure is known, the modal masses were estimated with
equation (14). This equation can be particularized to the
experimental model, resulting in

My = MXsLﬁ(s + MXwLi(w' (51)

The modal masses estimated by experimental modal
analysis (my;), and those calculated using (50) (my,), are
shown in Table 10.

6.2.1. Discussion. The discrepancies in terms of natural
frequencies between the numerical and experimental models
are less than 35%. Regarding the MAC [34, 35], the diagonal

Shock and Vibration

TaBLE 10: Modal masses (kg) of the T-shape structure. Mode shapes
normalized to the largest component equal to unity.

Modal masses (kg)

Mode m
_ 2 2 _ T X3
mgg My = MygLyg + Mxwlyyw my, =TT

EMA
1 19.5847 18.7063 19.2290 18.90
2 15.4660 14.8818 15.3818 12.87
3 3.8194 3.7901 3.7763 3.698
4 4.6212 4.3718 4.4051 4.329
5 2.7747 2.5442 2.5290 2.79
6 9.5415 7.8577 8.3085 8.75
7 8.5031 8.2197 8.5997 8.16
8 3.9790 3.7832 3.9034 3.77

FIGURE 6: Test setup for the OMA and EMA tests.

terms indicate a good correlation, but high values can also be
seen in the off-diagonal terms (see Table 11). In this case, the
numerical model was also not updated.

The errors in the modal masses obtained with different
techniques are shown in Table 12. It can be observed that
there is a good agreement between the modal masses miy,
and my,, with discrepancies of less than 6% for all the modes
considered in this study. When comparing the values miy,
and mys, larger discrepancies can be found in modes 2
(15.6%), 5 (8.81%), and 6 (10.2%). On the other hand, the
largest discrepancies between my, and my; correspond to
modes 2 (19.52%) and 5 (9.35%).

In this case, the structure consists of two parts made of
different materials (wood and steel), and the mass distri-
bution can be obtained using equation (26).

The matrix with the squared lengths and the cross-
lengths of the mode shapes, corresponding to the nu-
merical model (mode shapes mass normalized), esti-
mated with equation (32), are shown in Tables 13-15. The
matrix with the experimental squared lengths and cross-
lengths, estimated with equation (35), are shown in
Tables 16-18.
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Singular Values of Spectral Densities of All Test Setups
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FIGURE 7: Singular value decomposition of the acceleration responses.
The following overdetermined system of equations is Lyq Lyur
formulated:

" Ly (4,1) Ly, (4,1) 0]
Ly.(6,1) Ly, (6,1) 0
MXs
Ly (6,4) Ly, (6,4) =|o] (52)
MXw
Ly (7,2) Ly, (7,2) 0
L LXS (8: 7) LXw (8> 7) - L 0 d

where the indexes (p,q) indicate the terms of the partial
experimental lengths Ly, (p,q) and Ly, (p,q) used to esti-
mate the ratio M /M x,,. In order to reduce the uncertainty,
only the terms Ly, (p,q)>0.01 and Ly, (p,q) >0.01have
been used.

The least square solution of the system leads to
My /My, =0.9199. The same system of equations using the
numerical model gives My /Mpg,, = 1.128.

It is inferred from Table 19 that the squared lengths and
cross-lengths have been accurately estimated with equation
(26), with an error in the ratio Mpp,/ Mgy, of 2.2%. Re-
garding the experimental ratio My,/My,, the error is
11.85%.

If the modal masses are known (estimated with exper-
imental modal analysis), equation (14) can be used to es-
timate the total masses of the two different volumes of the
structure. Using the modal masses presented in Table 10 and
formulating the system of equations,

ZMy = my, (53)
where Z is a matrix containing the diagonal terms of the

squared length matrices of the steel (L%,) and the wood
(L%,) parts, respectively, i.e.,

Z=|Lxy Lxy | (54)

My is a vector containing the total masses of the two
parts of the structure

My = [ M ] (55)
My,
and my is a vector containing the modal masses, i.e.,
Mx1
my = | my, | (56)

The values obtained for My, and My, using (53) are
shown in Table 20, together with the residual error obtained
with the least squares solution. It can be observed that the
masses My, and My, were estimated with errors less than
6% and 2%, respectively, when using my,, and with errors
less than 6.9% and 6.7%, respectively, when using the modal
masses my;. With respect to the ratio My,/My,,, the error is
less than 4% with my, and less than 14.5% with my.

The largest residual error was obtained with modal
masses My (see Table 20). The estimated errors between the
modal masses that have been obtained with the least square
solutions and the modal masses my, and my; are shown in
Figure 9, where it can be observed that less errors have been
obtained with m,,. With respect to the discrepancies be-
tween the least squares solution and #y;, the larger errors
correspond to modes 2 and 5, which can be an indicator that
these modal masses were not estimated accurately. This
agrees with the results presented in Table 12.
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Mode 1 Mode 2 Mode 3
Mode 4 Mode 5 Mode 6

Mode 7 Mode 8

FIGURE 8: Mode shapes of the T steel-wood structure.

TaBLE 11: Modal assurance criteria (MAC) of the T steel-wood structure.

MAC
0.9956 0.0001 0.0016 0.3691 0.0002 0.2585 0.0000 0.0001
0.0000 0.9986 0.0001 0.0000 0.0004 0.0000 0.1098 0.2089
0.0004 0.0000 0.9984 0.0005 0.0001 0.0001 0.0001 0.0000
0.4152 0.0002 0.0007 0.9974 0.0002 0.0856 0.0002 0.0002
0.0001 0.0010 0.0006 0.0003 0.9957 0.0000 0.0010 0.0016
0.1673 0.0002 0.0001 0.0182 0.0002 0.9690 0.0000 0.0003
0.0000 0.0735 0.0002 0.0000 0.0010 0.0000 0.9804 0.1105

0.0000 0.2152 0.0001 0.0000 0.0009 0.0000 0.1908 0.9948
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TaBLE 12: Errors (%) between modal masses of the T-shape structure.
Error (%

Mode (%)

Mgg-My, My, -My, My, -My; Mgg-My; My, -My;
1 4.70 2.79 1.02 3.62 1.74
2 3.93 3.36 15.63 20.17 19.52
3 0.77 0.36 2.49 3.28 2.12
4 5.70 0.76 0.99 6.75 1.76
5 9.06 0.60 8.81 0.55 9.35
6 21.43 5.74 10.20 9.05 5.05
7 3.45 4.62 0.73 4.20 5.39
8 5.18 3.18 0.35 5.54 3.54

TaBLE 13: Partial squared length of the first 8 numerical mode shapes estimated with equation (32). Steel Part.
Numerical steel
0.0141 0.0000 0.0000 0.0117 0.0000 -0.0130 0.0000 0.0000
0.0000 0.0172 0.0000 0.0000 0.0000 0.0000 0.0229 —0.0009
0.0000 0.0000 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000
0.0117 0.0000 0.0000 0.0123 0.0000 -0.0219 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
-0.0130 0.0000 0.0000 -0.0219 0.0000 0.0655 0.0000 0.0000
0.0000 0.0229 0.0000 0.0000 0.0000 0.0000 0.0545 -0.0263
0.0000 -0.0009 0.0000 0.0000 0.0000 0.0000 -0.0263 0.0266
TABLE 14: Partial squared length of the first 8 numerical mode shapes estimated with equation (32). Wood Part.
Numerical wood
0.0703 0.0000 0.0000 -0.0136 0.0000 0.0138 0.0000 0.0000
0.0000 0.0665 0.0000 0.0000 0.0000 0.0000 -0.0261 ~0.0009
0.0000 0.0000 0.0874 0.0000 0.0000 0.0000 0.0000 0.0000
-0.0136 0.0000 0.0000 0.0737 0.0000 0.0242 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0878 0.0000 0.0000 0.0000
0.0138 0.0000 0.0000 0.0242 0.0000 0.0145 0.0000 0.0000
0.0000 —-0.0261 0.0000 0.0000 0.0000 0.0000 0.0269 0.0289
0.0000 -0.0009 0.0000 0.0000 0.0000 0.0000 0.0289 0.0568
TaBLE 15: Total squared length of the first 8 numerical mode shapes estimated with equation (32).
Numerical total
0.0619 0.0000 0.0000 -0.0100 0.0000 0.0098 0.0000 0.0000
0.0000 0.0591 0.0000 0.0000 0.0000 0.0000 ~0.0189 ~0.0011
0.0000 0.0000 0.0746 0.0000 0.0000 0.0000 0.0000 0.0000
—-0.0100 0.0000 0.0000 0.0647 0.0000 0.0173 0.0000 0.0000
0.0000 0.0000 0.0000 0.0000 0.0749 0.0000 0.0000 0.0000
0.0098 0.0000 0.0000 0.0173 0.0000 0.0221 0.0000 0.0000
0.0000 -0.0189 0.0000 0.0000 0.0000 0.0000 0.0311 0.0206
0.0000 —0.0011 0.0000 0.0000 0.0000 0.0000 0.0206 0.0522
TaBLE 16: Partial squared length of the first 8 experimental mode shapes estimated with equation (35). Steel Part.
Experimental steel

0.2914 0.0023 0.0001 ~0.1089 0.0030 01938 0.0047 0.0031
0.0023 0.2701 0.0009 ~0.0002 0.0004 0.0095 0.2765 0.0111
0.0001 0.0009 0.0005 ~0.0001 0.0000 0.0004 0.0011 0.0001
~0.1089 ~0.0002 ~0.0001 0.0477 ~0.0014 ~0.1222 ~0.0006 ~0.0012
0.0030 0.0004 0.0000 -0.0014 0.0001 0.0045 ~0.0014 -0.0011
01938 0.0095 0.0004 ~0.1222 0.0045 0.5860 0.0132 0.0065
0.0047 0.2765 0.0011 ~0.0006 -0.0014 0.0132 0.5168 0.1664
0.0031 0.0111 0.0001 ~0.0012 -0.0011 0.0065 0.1664 0.1037
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TaBLE 17: Partial squared length of the first 8 experimental mode shapes estimated with equation (35). Wood Part.

Experimental wood

1.3282 -0.0026 —-0.0141 0.1143 —-0.0028 —-0.1569 0.0003 0.0075
-0.0026 1.0167 0.0058 0.0116 -0.0137 0.0039 -0.2695 0.0145
—-0.0141 0.0058 0.3302 -0.0076 0.0085 —-0.0045 —-0.0040 0.0034
0.1143 0.0116 -0.0076 0.3317 -0.0022 0.1146 -0.0092 0.0018
-0.0028 -0.0137 0.0085 -0.0022 0.2219 -0.0055 0.0055 -0.0049
—-0.1569 0.0039 —-0.0045 0.1146 -0.0055 0.0741 -0.0033 0.0009
0.0003 -0.2695 -0.0040 -0.0092 0.0055 -0.0033 0.1779 -0.1420
0.0075 0.0145 0.0034 0.0018 -0.0049 0.0009 —-0.1420 0.2219

TaBLE 18: Total squared length of the first 8 experimental mode shapes estimated with equation (35).

Experimental total

1.1736 -0.0018 -0.0120 0.0818 —0.0020 —-0.1040 0.0009 0.0069
-0.0018 0.9048 0.0051 0.0099 -0.0116 0.0047 -0.1890 0.0155
-0.0120 0.0051 0.2818 —-0.0065 0.0073 —0.0038 —-0.0032 0.0030
0.0818 0.0099 —-0.0065 0.2900 -0.0021 0.0793 -0.0079 0.0014
—-0.0020 -0.0116 0.0073 -0.0021 0.1893 —-0.0040 0.0045 -0.0043
-0.1040 0.0047 —-0.0038 0.0793 -0.0040 0.1511 -0.0008 0.0017
0.0009 -0.1890 —-0.0032 -0.0079 0.0045 —0.0008 0.2293 -0.0959
0.0069 0.0155 0.0030 0.0014 —-0.0043 0.0017 —-0.0959 0.2041

TaBLE 19: Numerical Mgg,/Mgg,, and experimental My,/M,,, ratios.

Numerical Mgg /M Experimental My,/M

FEs/ VIFEw ‘ Error (%) P X Error (%)
Exact Equation (27) Exact Equation (27)
1.1361 1.128 2.2 1.0436 0.9199 11.85

TABLE 20: Masses My, and M y,, estimated with equation (56).

Modal masses (data from Table 10) used in the calculations

Exact
Mgg my, mys;
My, (kg) 11.96 13.7754 12.6894 12.7804
My, (kg) 11.46 11.6517 11.6893 10.6948
My,/Mx,, 1.0436 1.1823 1.0856 1.1950
Residual error 0.0328 0.0056 0.0710
s e ]
10 + ]
5L e . 6 . [ ] J
g
§ OF - e L4 ® ° 4
S «
5L hd i
10 b : 1
[ ]
-15 !
1 2 3 4 5 6 7 8
mode
[ ) mxz
e m

X3

FIGURE 9: Errors between the modal masses obtained with the least square solutions and the modal masses my, and #my;.
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7. Conclusions

The present study provides a comprehensive explanation of
the concept of cross-length of mode shapes. Firstly, the
cross-length of a continuous mode shape is defined, which is
then extended to discrete systems, introducing the concept
of a length matrix. Furthermore, an approach for calculating
the length and the cross-length of experimental mode shapes
has been developed utilizing the structural dynamic mod-
ification theory, where the experimental model is considered
a perturbation of the numerical model.

It is demonstrated that the cross-length between mode
shapes must be zero in constant mass density systems. Due
to the fact that the modal masses of the different modes are
related by (37) in constant mass density systems, a pro-
portional frequency response function (FRF) and a pro-
portional change flexibility matrix can be constructed in
these systems even though the modal masses are not known.

If the structure is constituted by two parts with different
mass densities, it is demonstrated that the ratio of the partial
cross-lengths over the two volumes is constant for all the
modes and equal to the ratio of the total masses of such
volumes. This information can be used to know how the
mass is distributed in the structure. If the modal masses are
known, the mass distribution can also be obtained using the
partial lengths over the two volumes.

In order to validate the equations proposed in this paper
and study their accuracy, two lab-scaled structures were
constructed. The first one, an L-shape lab-scaled steel
structure, has constant mass density, whereas the second
one, a T-shape lab-scaled structure, consists of two different
materials, with the column made of steel and the beam made
of wood. Finite element models were also assembled in
ABAQUS for both structures. The finite element models
were intentionally not updated in order to check the ef-
fectiveness of the proposed methodology in cases where
there is not a perfect numerical-experimental correlation.
The modal masses were obtained from the FE models, es-
timated with experimental modal analysis and combined
with the numerical and experimental mode shapes.

For the L-shape structure, although there are significant
discrepancies between the numerical and experimental
models, the squared length L% has been estimated with good
accuracy (35). This demonstrates that the methodology
proposed in Section 4 can be successfully utilized to de-
termine the length of experimental mode shapes. It was also
proved that the ratio modal mass-squared length of the
mode shapes is constant for all the modes and equal to the
total mass of the system in constant mass density systems.
This information can be utilized to check if the experimental
modal masses have been estimated accurately.

For the T-shape structure, the concept of cross-length
was used to determine how the mass is distributed in the
structure. Despite significant discrepancies between the
numerical and experimental models (discrepancies in nat-
ural frequencies up to 35%), the ratio of the masses of the
steel and the wooden parts was estimated with an error of
less than 12%. The modal masses and the length of the mode
shapes were also used to estimate the total masses of the steel
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and wooden parts with equation (56), with errors depending
on the accuracy of the experimental modal masses. The total
masses of the steel and wooden parts were used to determine
if some of the modal masses were not estimated accurately.
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