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ABSTRACT
The Bell Tower of the Church “Sacro Cuore Gesù e S. Egidio Abate” in Sotto il Monte
(Bergamo, Italy), represents a case study of the research programme “ANIMUS”, funded by
the European Programme FESR-2007-2013.
The necessity of building a steel belfry on top of the bell tower required a detailed study
of its connection with the supporting masonry structure. This connection has been realized by
means of deep vertical anchors, obtained by grouting steel bars by injecting the grout in
special socks, such that any dispersion of the mortar in the masonry is avoided. By this
technique, a “bulb” creating an effective interlock with the masonry structure is created.
The behaviour of the system has been studied by means of a finite element model,
allowing to assess the performance of the connection under wind and seismic loads both at
service and ultimate limit states.
The results have highlighted the opportunity to design vertical anchors with a double bulb
of mortar. This way, by grouting the deeper bulb soon after installation, the anchor could be
pre-stressed to avoid any decompression of the connection between the superstructure and the
masonry tower under service loads. The upper bulb, grouted at a later time, has the role of
transferring the loads exceeding serviceability limit state to the masonry structure.
After the installation of vertical anchors, an experimental campaign was carried out on the
anchors, thus allowing to evaluate the effectiveness of the intervention and to compare
experimental and numerical results.
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1.

INTRODUCTION

The architectural project calls for a rehabilitation program of the whole church, focusing in particular
on a new steel superstructure (8,0 m high) to be installed on top of the existing masonry bell tower
(24,3 m high). The analysis aims at verifying the stress state induced by external actions such as
earthquake and wind on the injected anchors used to connect the steel superstructure to the top of the
masonry bell tower of the Church of Botta di Sotto il Monte (Bergamo - Italy).

Fig. 1 View of the bell tower and the upper steel structure

Actions at service and ultimate limit states were therefore calculated considering the exposure of the
church to seismic and wind loads. The actions on the steel superstructure and on the anchors were
calculated according to the following assumptions:
- masonry and upper concrete curb respond only to compression due to vertical loads;
- the injected anchor responds only to tensile loads.
Wind and earthquake actions have been calculated at serviceability limit state assuming that:
- at ULS, a tensile force compatible with the resistance of the tie down anchors as well as a
compression compatible with the masonry are admitted;
- a preload can be applied to the anchors (pre-stress) in order to balance the tensile actions at SLS.
This action is compatible with the level of acceptable stress for the masonry (less than 0.5 MPa);
- due to the applied pre stress, anchors are not subjected to significant tensile force increase at SLS.

2.

FINITE ELEMENT MODEL AND RESULTS OBTAINED

2.1. Global FE analysis
A simplified numerical analysis was conducted in order to understand the dynamic behaviour of the
masonry bell tower modelled as a cantilever beam using FE.

Fig. 2: a) view of the entire model and b) anchors scheme at the base of the steel superstructure

This first model is validated on the frequency results of the in situ test carried out by using a shaker.
The frequency values are listed in Table 1.

Mode
I
II
III

Table 1 Comparison between experimental and numerical model
Frequency
Frequency
Tolerance
by shaker
by FE model
Direction referred to the church
[%]
[Hz]
[Hz]
2.16
2.18
0,9
Transversal
2.72
2.77
1,8
Longitudinal
3.68
3.95
7,3
Longitudinal

Starting from this calibrated model, a response spectrum analysis at ULS, considering a return period
of 949 years, and SLS, with a return period of 101 years, was conducted, considering elastic spectra
(structure coefficient q=1,0). The maximum bending moment and shear force at the base of each
column of the steel superstructure at SLS resulted equal to 85 kNm and 16 kN, respectively. Similarly,
at the ULS (in accordance to the Italian code NTC2008), the maximum bending moment and shear
force resulted equal to 221 kNm and 42 kN, respectively.
2.2. Detailed FE analysis: interface problem
The maximum bending and shear forces have been introduced in a second FE model, shown in fig. 3,
to investigate in detail the response of the anchors, considering their nonlinear behaviour (tie down
anchors have tensile strength but no compression strength) and performing an equivalent static
analysis. In order to apply the correct forces to the anchors, the application point of the horizontal
forces, which invest simultaneously the 4 steel piers, was placed at 2/3 of the height of the
superstructure, being the response mainly governed by the first vibration mode. The applied horizontal
force was equal to 64 kN at the SLS and 167 kN at the ULS (i.e. 16 kN and 42kN on each pier).
For a comprehensive evaluation of the anchoring system, a reference model that simulates not only the
four columns of the metal structure, but also the reinforced concrete curb at the top of the masonry of
the bell tower was developed. Both the anchors in correspondence to the base plate of the single pier
and the intermediate anchors have been modelled according to the scheme shown in Fig.2b . All forces
have been applied to a rigid link located at a height equal to 5.40 m from the base of the r.c. curb. A
further link has been introduced to capture the full behaviour of the structure. In addition to the
constraints provided by the anchors (tension only), the curb has been constrained with compression
only springs in order to simulate the continuous contact on the masonry surface. The link has been
modelled through a series of springs such as to evaluate also the torsional behaviour of the curb, as
shown in Fig.3b. The equivalent axial spring stiffness was taken equal to 5 N/mm3.

Fig. 3: a) View of the detailed model with edge curb and b) Curb nonlinear spring scheme and c) Example of
the effect of one of the load combinations on the curb

2.3. Detailed FE analysis: double bulb stress analysis
The presence of a double bulb (Figs. 9a and 9b) has made it possible to impose, by means of a preload
on the anchor, the absence of tensile forces at SLS on the anchors, thus avoiding a decompression of
the wall section. Based on the characteristics of the masonry, this pre-stress is obtained with an anchor
bulb 1.5m long. This is necessary to avoid too high tensional regimes within the mortar surrounding
the stainless steel bar and to allow a higher pre-stress to compensate for any deferred loss. The second
bulb must collect the actions at ULS exceeding those at SLS, i.e. those induced by rare loads (wind)
or with high return periods (earthquake). This bulb has a minimum length of 2.0m and a maximum
length of 2.5m depending on the vertical offset of the bulbs in order to avoid preferential masonry
crack surfaces. The dimension of the anchor bulb led to employ 24mm diameter bars in order to resist
a maximum tension equal to 200 kN at ULS (earthquake). The "nominal" shear strength as defined in
[1], in correspondence to both deep and upper bulbs have values lower than those observed
experimentally by in situ test according to [1], assuming a safety factor equal to 3. The nominal
maximum shear stress in the 1.5m long deeper bulbs appear to be about 0.22 MPa while in the upper
bulbs it is between 0.20 ÷ 0.25 MPa. Both these values are lower than 0.47 MPa, which is the failure
value obtained from experimental tests (even reduced by a safety factor equal to 3). Similarly, the
compressive stress on the masonry for each limit state has values lower than 0.5 MPa. This value is
fully compatible with the compressive strength of the masonry, as it resulted from flat jack
experimental tests previously conducted in situ.

3.

PRELIMINARY LABORATORY TESTS

Before starting with the in situ tests on the anchors, a preliminary laboratory test has been carried out
with the aim of testing the instrumentation designed for the anchors and of measuring the possible loss
of load over time in the pre-stressed injected anchors and the distribution of the tangential stress along
the anchor length. A stress relaxation test under constant strain of the anchor steel bar has also been
separately carried out. The preliminary tests results allowed to verify the correct layout of the adopted
instrumentation and to define some improvement for the foreseen in situ tests.
3.1. Relaxation test on steel bar
To assess the loss of tension with constant strain, due to the relaxation of the steel bar in the anchor, a
specific test has been carried out, based on the indication of Eurocode (EC 2 EN 1992-1-1 - Par. 3.3
"Prestressed Steel”) and British Standard (BS 5628-2:2000). The results, shown in fig. 4, demonstrate
that after 1000h at constrant strain the tension drop due to relaxation in the bar is around 5% (10 kN).

Fig. 4: Drop of load at constant strain after 1000 hours in the steel bar

3.2. Test bench and equipment for pre-stressed anchor tests
A brick masonry test bench has been built with dimensions 0,2x0,17x0,075m and with low mechanical
strength for both mortar and bricks to replicate the structural typology of historical buildings. The
masonry wallet has been pre-loaded by means of a metallic frame in order to apply a vertical load such
as to simulate the boundary conditions of a real building; the frame structure is composed of three
HEB140 beams, 2,1m long, welded with transverse steel plates (see fig.5).
A GBOS 24-70 P anchor has been used, grouted by injecting the grout in special socks, composed by:
• 24mm threaded Bar, GBOS 24/304 model, of stainless steel AISI 304 (tab.1);
• Sock in special textile material to control the mortar injection with the injection tube;
• Cement mortar (tab.2), specific for injection with socks in hole of diameter of 70 mm.
The anchor and the grout have been instrumented by means of strain-gauges and placed in the wallet
(as shown in fig.5). Fig. 5 shows also the position of the potentiometric transducers used to monitor
displacements in the wallet and the load cell used for measuring the force applied to the anchor.

Material
Stainless
steel
AISI 304

Table 2 Geometrical and mechanical characteristics of the bar
Failure
Minimum
Bar
Yeld point
Area
tensile
tensile
Diameter
stress
stress
failure load
Dbar
S
ft nom
fy nom
Nt,s
[mm]
[mm2]
[MPa]
[MPa]
[kN]
24
378
750
650
283

Minimum
yeld point
load
Ny,s
[kN]
246

Table 3 Mechanical characteristics of the grouting mortar
Avarage Compressive strength
Avarage tensile strength in bending
Young’s
[MPa]
[MPa]
Modulus [MPa]
at 3 days
at 7 days
at 28 days
at 3 days
at 7 days
at 28 days
at 28 days
21,2
37,2
51,5
2,5
3,5
4,5
28.000

Fig. 5: Preliminary test bench with position of strain-gauges and potentiometric displacement transducers

3.3. Tests execution and results
After the necessary aging period for the mortar, a 75kN pre-load has been applied to the test anchor by
a hydraulic jack. During 44 days of observation, the load cell has read the loss of load in the anchor

over time. Finally, the pull out test of the anchor has been carried out up to a load equal to 260 kN.
The yielding of the bar was obtained, while the anchor could not be pulled-out. Figs. 6a and b show
the load (kN) vs strain (µɛ) diagrams registered by the strain guages up to the maximum load applied.

Fig. 6a: Pull-out test. Diagram Load (kN) – Strain
(µɛ) in the mortar

Fig. 6b: Pull-out test. Diagram Load (kN) – Strain
(µɛ) on the steel bar

The maximum strain in the mortar was measured, for all loading levels by the middle strain-gauge
(E2M, in magenta in fig.6a), while very small strain values (near zero) where registered by the one
positioned towards the end the bulb (E1M). As expected, the maximum strain along the steel bar was
measured by the strain-gauge positioned closer to the loaded end (E3A, in yellow in fig. 6b), while the
others measured lower strain (E2A positioned in the middle and E1A positioned towards the end of the
bulb on the steel bar, see fig.5).

4.

IN SITU-TESTS

The object of the in situ tests was:
1) measuring the possible pre-stress loss over time of the anchors;
2) execution of cyclic tests on vertical anchors.
After installation and injection of the instrumented anchors in the Church bell tower wall according to
the rehabilitation design, measurements were taken with the following purposes:
• measure the possible pre-stress loss over time of the injected and pre-stressed anchors;
• measure the distribution of shear stress along the anchor;
• monitor the evolution of the behavior of the anchor over time.
Cyclic tests with the aim of studying the behavior of the anchor subjected to dynamic stress actions
were also performed on two “test-anchors”, instrumented as indicated in fig. 9a.
4.1. Anchors description and position
The installation of vertical anchors falls within the project for the realization of a metal superstructure
to protect the bell chamber installed on top of the tower in question; this superstructure is formed by
four steel columns at the four corners of the wall, consisting of a truss structure covered by steel
sheeting, and a covering constituted by the intertwining of more steel beams. The arrangement of the
anchors is shown in fig. 7: insertion of four corner anchorages in correspondence of each column of
the steel superstructure and two lateral anchorages in the central area of each side of the bell tower.
The angular anchors, positioned at the four corners of the tower, have different lengths: 4.0 m for Ltype anchors (long) and 3.5 m for C-type anchors (short) because of a vertical offset along the
longitudinal axis of the tower, at least 50 cm due to the need to avoid weak surfaces. The remaining
perimeter side (lateral) anchors also have a length of 3.5 m (C-Type).

To allow the application of a pre-stress, all anchors were designed with a double bulb; the length of
the deeper bulb, absorbing the pre-stress, was equal to 1.5 m. The upper bulb, designed to absorb the
forces exceeding the pre-stress value, had a length of either 2.0 m (C-type anchors) or 2.5 m (L-type
anchors). The arrangement and the lengths of the anchors are summarized in fig. 8.

Fig. 7: anchors position with indication of the test
anchors

Fig. 8: Arrangement and length of anchors with
indication of the two bulbs

The dimensioning of the anchor has led to the use of 24 mm diameter bars in order to collect the
maximum stress of tractions at the SD (earthquake) equal to 90 kN without reaching too high tensional
regimes. The anchor injected with Bossong sock model GBOS P 24-70, used for the works described,
is of the same type indicated in section 4.2 (for technical and mechanical characteristics of the anchor,
steel bar and mortar for injection, see table 2 and table 3).
4.2. Stain gauges position in the test anchors
Figs. 9a and b show the location of the anchor strain gauges. The corner anchors 1.1 and 3.4 (for prestress loss evaluation) were instrumented with 1 strain gauge only on the steel bar (E6A), while the
two anchors E.1 and W.2 (for cyclic tests), were instrumented with 5 strain gauges on the steel bar
(E1A ... E5A) and 5 strain gauges in the mortar (E1M ... E5M).

Fig. 9a: Strain gauges position in anchor E.1 and W.2

Fig. 9b: Strain gauges position in anchor 1.1 and 3.4

4.3. Tension of the anchors
Tension was applied simultaneously to the 4 pier anchors (corner anchors) by means of 4 hydraulic
jacks. To measure the applied force a pressure cell was used. The tension of the central anchors has
been applied by a hydraulic jack. A 85 kN pre-load was applied to the anchors.
4.4. Cyclic tests on anchorages E.1 and W.2
The cyclic tests were performed on anchors E.1 and W.2 (see fig. 7), C-type anchors with length of
3.5 m, double bulb (upper bulb with a length of 2,0 m, deep bulb with a length of 1.5 m). The cyclic
tests consisted of two phases, as shown in table 4:
• Phase 1: after the injection of the deeper bulb, and subsequent aging of the mortar;
• Phase 2: after the injection of the upper bulb, and 18 days of aging.
Table 4 Cycles in Phase1 and Phase2
Phase 1
Phase 2
No. 3 cycles of loading 0 – 20 – 0 kN
No. 3 cycles of loading 0 – 90 – 0 kN
No. 3 cycles of loading 0 – 40 – 0 kN
No. 3 cycles of loading 0 – 100 – 0 kN
No. 3 cycles of loading 0 – 60 – 0 kN
No. 3 cycles of loading 0 – 110 – 0 kN
No. 3 cycles of loading 0 – 80 – 0 kN
No. 3 cycles of loading 0 – 120 – 0 kN
No. 3 cycles of loading 70 – 90 – 70 kN
No. 3 cycles of loading 0 – 130 – 70 kN
unload to 0 kN
increase up to 90 kN
tightening of the anchor locking nut
unload the hydraulic jack

Fig. 10 illustrates that during phase 1 the upper steel bar strain gauges (E4A and E5A) measure larger
deformations than those positioned in the deeper bulb. Following the injection of the second bulb
(phase2) it was observed that a strain variation was recorded by the top bulb strain gauges, while those
in the deep bulb (E1A, E2A and E3A) did not measure any deformation increase, proving that the
upper bulb effectively prevents the deeper bulb to absorb any load beyond the initial pre-stress..

Readings
L0
L1..L33
L34
L35
L36
L37..L65
L66
L67

PHASE 1: initial reading
PHASE 1: reading during
cycling test
PHASE 1: Return to zero
Force
Reading of the day after
return to zero
PHASE 2: initial reading
PHASE 2: reading during
cycling test
PHASE 2: Return to zero
Force
Reading after 1 month

Fig. 10: Steel bar strain gauges results in anchor W2

Consistently with the steel strain-gauges readings, Fig. 11 shows that during phase1 only the strain
gauges in the bottom bulb mortar (E1M, E2M and E3M) read deformations, while those in the upper
bulb (E4M and E5M) read zero strain. Following the injection of the second bulb (phase 2) it was

observed that only those placed in the second bulb (E4M and E5M) read deformations, while those
positioned in the bottom bulb remained stable.
Readings
L0
L1..L33
L34
L35
L36
L37..L65
L66
L67

PHASE 1: initial reading
PHASE
1:
reading
during cycling test
PHASE 1: Return to zero
Force
Reading of the day after
return to zero
PHASE
2:
initial
reading
PHASE
2:
reading
during cycling test
PHASE 2: Return to zero
Force
Reading after 1 month

Fig. 11: Mortar strain gauges results in anchor W2

4.5.

Monitoring over time

Readings
L0
Zero reading
L1
Load at first level (30 kN)
L2
Load at second level (60 kN)
L3
Load at third level (85 kN)
L4
Tightening the anchor locking
nut
L5
Unload the hydraulic jack
L6
Reload
L7
Further tightening of the locking
nut
L8
Return to zero in the pump
pressure
L9
Reading after 1 hour
L10
Reading after 15 days
L11
Reading after 1 month
L12
Reading after 2 month

Fig. 12: Monitoring of anchors 1.1 (a) and 3.4 (b) over time

Anchors 1.1 and 3.4, placed and instrumented as shown in figs. 7 and 9b, respectively, were monitored
over time in order to assess their long-term behavior. The results are shown in Fig. 12.
As shown in fig. 12a, the first readings after pre-stress application in anchor 1.1 (L8, when the
pressure in the pump return to zero after the tightening of the locking nut) indicate a loss (in terms of

deformation, in microstrain) equal to 20%, while no further significant losses were recorded up to the
last reading (L12, after 2 months when the loss is 22%). Fig. 12b shows that in anchor 3.4 immediately
after the tightening of the locking nut the loss is equal to 3% and after 1 months (L11) the loss was
equal to 17%, remaining steady at this value also after 2 months (L12). The results indicate that a 20%
of pre-stress loss can be expected in this sort of anchor. Anyway, pre-stress monitoring will continue
in the future to validate this result.

5.

CONCLUDING REMARKS

The cyclic test results allowed to demonstrate that the use of a double bulb in combination with an
initial pre-stress after grouting the deeper bulb ensures that any load in excess of the initial pre-stress
is absorbed only by the second bulb. In fact:
• the deep bulb, injected first and pre-stressed, underwent deformations until the second bulb
was injected and then did not show any further deformation;
• the top bulb takes charge of the increase of actions with respect to the pretension, after all
losses, approximately equal to 20%, take place.
The solution proposed allowed to design the anchorage of the new steel bellfry in such a way that no
decompression of the anchors would ever occur for the SLS conditions, whereas some tension in the
anchors may occur only at ULS, for the part of load exceeding SLS actions. This solution permits also
to avoid over-stressing the bell tower masonry under ULS conditions, such as earthquake and extreme
wind conditions.
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