A VIBRATION-BASED METHOD FOR THE EVALUATION
OF AXIAL LOAD IN TIE-RODS: TWO MAIN CASE STUDIES
L. Collini, R. Garziera
University of Parma, Department of Industrial Engineering, V.le delle Scienze 181/A, Parma, Italy.
e-mail lucaferdinando.collini@gmail.com; rinaldo.garziera@gmail.com

ABSTRACT
The knowledge of the tensile load in reinforcement tie-rods is of crucial importance to assure
structural integrity and safety in ancient buildings. This work addresses the problem of identifying this tensile load in tie-rods of ancient masonry arches and vaults. The proposed procedure is
a non-destructive and non-invasive method. It consists in matching the first six natural frequencies of the tie-rod, acquired by a classical accelerometer, with numerically obtained frequencies.
This matching procedure is accomplished by an optimization algorithm in which the length of
the rod, the presence of concentrated masses along it, and an elastic foundation at the edges are
the optimization variables. In this way the main unknown, i.e. the axial load, is determined by a
mathematical algorithm that automatically minimizes the difference between experimental and
numerical results, on the basis of the choice of multiple parameters combinations.
Here two main case studies in which the method is successfully applied are shown; the first
case study regards the determination of the axial load in the tie-rods of an ancient Dome, the second case study reports the experiments in an historical palace. In both cases, a deep investigation about the stress state in the tie-rods is carried out via a non-linear finite element analysis: in
this way structural considerations about the safety of the buildings are drawn.
Keywords: structural tie-rods; vibration-based diagnostics; parametric study; optimization algorithm.

1 INTORUDUCTION – STATE OF THE ART
Steel/iron tie-rods are reinforcing structural elements commonly used to stiffen and hold the
constraint loads exerted by arches and vaults of historical masonry buildings. Usually these reinforcing elements are applied not at the construction rather during the ages of the building, subsequently to instabilities or cracks observed by technicians and restorers. In our country we have
examples of centenary tie-rods. Due to localized subsides or constraint small displacements, the
axial load in the tie-rods may change in time, or even re-distribute between them. This can affect the tie-rods structural function or, at worst, they could go toward their mechanical failure
when the load cannot be carried anymore. Hence, a great concern about the structural integrity
of these elements subsists, involving the whole tie-rods and building life, since an unexpected
failure in just one of the tie-rods can entail much more serious damage to the entire structure.
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Prediction of failures can, of course, only be carried out by non-destructive (ND) means of
diagnosis. In the recent past, some ND methods have been proposed, for example, Blasi and
Storace (1994, 1998) have proposed a technique based on both static and dynamic identification, via a dynamic model involving a beam supported at the ends by Eulerian rotational spring
of unknown stiffness. According to this technique, the two unknowns, stiffness of the springs
and axial load, are worked out by the identification of the maximum flexural deformation of the
tie-rod and its first lateral natural frequency. The method, validated in laboratory, needs of two
separate set of in-situ measurements, statics and dynamical, but it can not take into account of
other possible unknowns, like uncertain length of the tie-rods or added masses. The method
proposed by Briccoli Bati and Tonietti and Dardano et al. (2001, 2005) uses just a single static
identification of the flexural deformation in three points. A fully dynamical technique of identification has been proposed by Kim and Park (2007) and Calderini and Lagomarsino (2005).
This method determines the load by measuring the first three natural frequencies. The two
above methods are quite simple but they give low precision results and are greatly affected by
uncertain determination of length of the tie-rods, stiffness of constraints, and of other not wellknown geometrical data.
In the present work, the authors apply a technique they developed for the identification of the
axial load in tie-rods, based on the determination of a set of natural frequencies, where the number of these frequencies is greater than the unknowns, Amabili et al. (2010) and Garziera et al.
(2011). By matching the experimental results, i.e. the measured frequencies, with the frequencies obtained by a numerical model, we can work out the best set of our unknowns which often
contains load, length, stiffness of constraints, and others. The best match of the two set of frequencies is performed by an algorithm which can be described as an optimization of the inverse
problem. Hence, this technique allows the precise identification of the axial load, stiffness of
constraints, added masses, quickly and effectively. As the considered numerical models allow
analysis of very complicated problems, we can easily take into account non-perfect constraints,
added masses, elastic supports or tie-rods constituted by variable cross section beams.
In particular, the present work illustrates the results of this technique applied to two main
case studies:
- the determination of the effective stress state in the six tie-rods of the Parma Dome, Italy,
see a picture in Figure 1;
- the study of the load of a wide set of ancient tie-rods of the Dome of the church “Madonna
dell’Umiltà” in Pistoia, Italy, Figure 1.

Parma (Italy): The Dome

Pistoia (Italy): Madonna dell’Umiltà

Figure 1: the two buildings under study
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2 THE TECHNIQUE
2.1 Experimental testing and numerical model
The ND measurement of axial load in tie-rods was carried out at the Cathedral of Parma in
2008, and recently at the dome of the Madonna dell’Umiltà church in Pistoia. Both the measurements campaign have been performed over two days, with the use of an aerial platform to
achieve the 6 tie-rods of the central vault in the first case (height 21 meters), and with the help
of an access platform in the second (height about 60 meters). Accelerometers B&K 4370, an instrumented hammer B&K 8202 and the 8-channels acquisition system LMS Pimento or a NI
DAQ acquisition device were employed. The experiments have been conducted, for each of the
rods, in the following sequence: 1. reaching of the tie-rod; 2. positioning of two accelerometers
in a place at about 30 centimetres away from the centre, tying them to the tie-rod by two inextensible strips; 3. strike with the instrumented hammer in the nearby of the accelerometers; 4.
acquisition of the signals and signal processing. The same test was averaged with several measurements. The first six natural modes identified in each of the Frequency Response Function
(FRF) have been taken into account in the following calculations. Higher modes have not been
considered since (i) six modes are already giving an over-constrained problem and, (ii) the
measurement accuracy of natural frequency identification can be affected by larger errors for
higher modes. Two images of the experimental campaign are reported in Figure 2.
Between many available numerical models, for these cases a finite element model has been
chosen. Each tie-rod is schematized as a supported beam of length L+2Lf, as Figure 3 illustrates. The constraints are two elastic beds of length Lf and stiffness coefficient Kf; in our model, the two elastic beds, that are the schematization of the two anchorages inside the column, are
not capable of any horizontal tie action. The tie-rod job, which consists in linking together each
pair of opposite columns of the Dome, is reproduced by the axial load N which is the main unknown of the problem. The free length L is not well known a priori, due to uncertainties at the
anchorages, so that a small part of the rod inside the wall could actually move. Other complicating elements are the central added mass m, which is also known with some uncertainties, and
the supports acting as elastic springs of unknown stiffness.
Solution of this model in term of natural frequencies, has been performed using the multipurpose ABAQUS code, the axial load N being determined using the ABAQUS feature *PRETENSION SECTION. The “Timoshenko”-type beam is adopted and Lagrangian formulation of
the field equations is used. Even though tie-rods are quite slander, Timoshenko elements have
been chosen because at the middle of the rod a screwed joint with a significant change of section appears, and rotary inertia should be taken into account for accuracy in this central element.
Furthermore, the FE model with the more accurate Timoshenko formulation is not timeconsuming, so that a lighter formulation with Euler-Bernoulli elements is not necessary.
All the unknown parameters, N, m, L, Lf, and Kf, are obtained from an optimization algorithm; therefore, the solution takes a certain number of steps. For this reason, the FE calculation is of parametric type.
For further details on FE model we cross-refer to Garziera et al. (2011).

Parma (Italy): The Dome

Pistoia (Italy): Madonna dell’Umiltà

Figure 2: moments of the experimental campaign.
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Figure 3: the model adopted for a general tie-rod.

2.2 The optimization algorithm
As already stated, the main unknown of the model is the axial force exerted by the rod, that is N.
Other quantities involved in the model are not exactly known, are not easily determinable and
they can be considered as uncertainties. These are the length of the rod L, the central mass m,
and the elasticity of the constraints.
Consider the model in figure 3. From the experimental tests we obtain a set of frequencies,
Ωexp(i), with i = 1,…,6 indicating the specific tie-rod. From the numerical model we obtain the
other set Ωth(i). These two set of frequencies can be expressed as vectors:

(

Ω(exp) = ω exp1 ω exp 2 ω exp3 ω exp4
i

Ω(th) = (ω th1 ω th 2 ω th 3 ω th 4
i

ω exp5 ω exp 6 )

T

ω th 5 ω th 6 )

T

(1)

The vector Ωth(i) can be thought as a function F(L, m, N, Kf). F has to be considered as a “generic numerical algorithm” capable to give theoretical frequencies once N, L, m, Kf are given.
As stated above, in this work the function F is the numerical algorithm implemented in
ABAQUS. Since N is unknown while L, m and Kf are uncertain and we start from a trial set of
these values, we expect Ωth(i) ≠ Ωexp(i). Let's introduce a distance (all the distance requirements)
between the two Ωth(i) and Ωexp(i):
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Particular attention must be paid to the matrix P, which is a 6x6 diagonal matrix containing the
weighting factors. These weights allow us to give more or less importance to each of the six frequencies, hence to the six modes. Now, the gradients of D towards each unknown can guide us
toward a local minimum, as extensively explained in Garziera et al. (2011).
3 RESULTS
3.1 Experimental results
From the signals acquired from the B&K hammer and accelerometer, a FRF for each tie-rod has
been carried out. Examples of FRF are shown in figure 4. We take in consideration just the first
6 peaks in the FRF of figure 4; each of them corresponds to a natural mode of the tie-rod. The
amplitude of each peak is scarcely representative of its significance in the identification process
since this is due to the accelerometer position (near node or antinode) and modal damping. The
accelerometer position should be chosen to avoid measurement at node of natural mode shapes.
3.2 Numerical results and parameters optimization
Numerical frequencies have been calculated as explained in section 2. A representative FE
model is here shown on Figure 5. The optimization algorithm described has been implemented
with opportune weights. With the first step of the optimization process, weighting factors should
be a decreasing function of omega or, equivalently, of the mode order. This choice is justified
by the fact that mechanical models are usually able to describe more accurately the lower vibration modes of a structure, whereas they lose accuracy when the mode order increases.
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Figure 4: FRFs of two tie-rods.

Figure 5: FE model of a tie-rod in: Madonna dell’Umiltà, Pistoia (Italy).

Once optimization process has been carried out and results show good agreement between
model and experiment, it becomes not so important to retry optimization with different weights.
In fact, matching 6 frequencies with 4 parameters gives a bit of over constraint, and one can be
reasonably confident about the uniqueness of the solution. Nevertheless the final steps of optimization process had already been carried out with the following weights combinations: a = (3,
1, .75, .5, .25, .1), b = (1, 1, 1, 1, 1, 1), c = (4, 1, .5, .2, .1, .05), for all the six tie-rods. Distance
(error) value slightly changes changing weights, and from tie-rod to tie-rod increases and decreases randomly. Anyway, for each weight set, the same set of unknown parameters are obtained and the smallest average error is obtained with combination a).
The mass that optimizes the distance function is slightly variable, perfectly representing the
presumable tolerance in those kind of screwed joint. In Figure 6 is shown the distance function
D over a typical range of axial load and length for the Parma Dome tie-rods. The third parameter, the mass m, for this figure has to be kept constant. Looking at the shape of this function, it
can be noticed that the influence of the axial load is largely prevailing on the other variable parameter. Nevertheless, you can also notice that the existence of many local minima would have
made the gradient method inapplicable.
3.3 Stress analysis
The very aim of this work is to determine weather or not the tie-rods should be replaced by new
ones in order to provide reliability and safety for the building. At this point, starting from the
determined axial load in the six tie-rods, a detailed stress analysis can be carried out. Results are
summarized in Figure 7. Also, once the load N is calculated, detailed stress distribution into mechanical components and details can be determined into the calculated again using the finite element method. For example, a non-linear analysis has been conducted taking into account the
mechanical behavior of the steel by adopting an elastic-perfectly plastic model in the case of the
Parma Dome, or, again, the stiffness of linking elements can be exactly determined to know the
axial stiffness of the chain, i.e. its behavior when load oscillations occur.
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Figure 6: Example of distance function.

In particular, in figure 7 is shown the distribution of the Von Mises equivalent stress around the
threads of the screwed coupling joint, which is the most stresses area of the Parma Dome tierod. As expected the first threads are subjected to the highest stress, that overcomes the yielding
stress. Results of the Pistoia tie-rods are depicted in the other plot of figure 7, in terms of axial
load simply calculated using eq. (3):

σa =

N
AN

(3)

Figure 7 also summarizes the final values for the minimization “error” D. It can be pointed
out that while the effective stress σN ranges from apparently allowable values (see rod 3) to very
high level (see rod 5), a more realistic situation for the stress state is given from the non-linear
FE analysis by determining σVM. This shows that all the tie-rods of the Parma Dome are beyond
the safety elastic condition. It can also be noticed that for tie-rod 5, where the axial load is quite
above the yield load, the error distance D assumes larger values; this can be easily explained
since our function F (FE method) takes into consideration just elasticity.
Tie-rods of the Madonna dell’Umiltà, Pistoia, are highly stressed too, especially those of ancient age. Of the 28 tested tie-rods, almost 7 are in critical work conditions.
4 CONCLUSIONS
In this work a hybrid experimental/numerical method is shown to determine the axial load in
lean and flexible elements such as beams or tie-rods. The method is completely non-invasive
and non-destructive, and therefore particularly suited for the diagnosis of critical elements, even
inaccessible, for example in historical buildings.
Applied to the six tie-rods of the central vault of the Cathedral of Parma in 2008 (these results
have been deeply discussed in Garziera et al. 2011), and recently to 28 tie-rods of an ancient
Dome in Pistoia, the method has revealed the state of stress: some of them are considerable in
danger. In particular, severe plasticizations are present in some tie-rods, while others are everywhere over-stressed. This should shortly lead to a complete replacement of these structural elements with other rods more sophisticated allowing a constant monitoring of the stress and eventually of the small movements of the entire building.
It is possible that during the year, different loads on the tie-rods can be identified according to
different temperatures.
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Figure 7: Schemes of the tie-rods and acting axial stress.
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