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1 | INTRODUCTION

Abstract

Ferrocement is a type of thin wall-reinforced concrete composed of hydraulic
cement mortar reinforced with several layers of steel wire mesh. The material is
used as a low-cost construction and retrofit solution and allows the creation of
very thin elements. In the past, the material was also used to build some struc-
tural engineering masterpieces that currently face preservation challenges.
Despite the use of the material, few studies have analyzed its durability with
respect to corrosion and its evaluation for preservation purposes. The paper pre-
sents the results of a testing campaign on ferrocement replica specimens sub-
jected to a corrosive environment. After an aggressive aging procedure, where
the specimens are exposed to chloride ingress, the specimens are tested through
a four-point bending test to compare their performances. Results of the mechan-
ical behavior are compared to the results from the half-cell potential monitoring
carried out during the aging process and optical microscope acquisitions regard-
ing the cross-sectional corrosion-loss area in the wires. The aim is to assess the
performance of historical ferrocement exposed to degradation due to corrosion;
this can be useful in identifying the best procedures to protect and preserve it, as
well as in evaluating its performance over time.
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architectures built in the first half of the twentieth
century often do not present any protection, such as gal-

Degradation caused by corrosion of steel reinforcement is
one of the main causes of the loss of performance of rein-
forced concrete and cementitious composites structures,
adversely affecting their durability and service life and
may eventually cause their failure."

Contrary to building and structures built in the last
decades that may have been protected with technical
solution foreseen in the design stage, structures and

vanization of steel, corrosion inhibitors additives, or pro-
tective coatings of the surfaces. Moreover, buildings and
infrastructures built at the time, present other intrinsic
fragilities with respect to their performance under envi-
ronmental actions or degradation phenomena. In fact, in
this time frame, the advent of new materials and con-
struction techniques had an overwhelming impact on the
experimentation by designers, who created solutions that
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often turned out to be harmful or unsuitable to endure
over time (e.g., reduced cover meter, use of new materials
with unproven performance records, use of materials
now identified as hazardous, total exposure of concrete
surfaces, etc.). Moreover, the misplaced confidence that
cementitious composites could last eternally caused
many durability and conservation issues over time.*™*

Ferrocement is part of that series of materials and
technological solution that was pioneered during this
period. In the ACI Committee 549 state-of-the-art report
of the material, first published in 1980 and still currently
enforced, it's given the following definition of ferroce-
ment: “Ferrocement is a type of thin wall reinforced con-
crete commonly constructed of hydraulic cement mortar
reinforced with closely spaced layers of continuous and
relatively small size wire mesh. The mesh may be made
of metallic or other suitable materials”,>”” and as Prof.
Naaman undelight, the definition, while quite general, is
surprisingly close to the initial definition of ferrocement
described by the original Lambot, who patented the
material in 1855.® However, its employment in civil con-
struction was very limited; at the beginning, the material
was used to build boat hulls, water container, and plant
pots, until Pier Luigi Nervi recognized the possible
advantages of the material.

Pier Luigi Nervi started to experiment with ferroce-
ment in the 40s, following the necessity dictated by the
autarchy period of reducing material quantities, in partic-
ular, by reducing the imposing steel savings in the build-
ing industry that were instead directed into armaments
manufacture and military purposes.” From his experi-
ments to minimize the use of steel and cut the amount of
construction material, Nervi realized that ferrocement
presented different advantages: he could mold concrete
as some sort of steel material, thanks to the even distribu-
tion of the reinforcements throughout its thickness and
in both directions and meshes did not face as strict a ban
as larger reinforcing bars. Moreover, it required no form-
work and a minimum of skilled labor. Starting first from
prototype building,'”'* Nervi in 1947 had the possibility
to use his patented solution to create large span roofing
systems in the commissioned pavilions of the Turin Exhi-
bition Center in Torino, Italy. From that experience ferro-
cement started to be employed by Nervi, and then it
widespread in the construction field. The construction
methodology utilized prefabrication and avoided heavy
machinery, resulting in faster and more economical con-
struction compared to competitors.

Currently ferrocement is employed worldwide both
as a construction material, or for retrofit reason
(e.g., confinement jackets for reinforced concrete col-
umns, reinforcement for unreinforced brick or masonry
walls, etc.),”” "> it advantages include a great formal

freedom, making it possible to create different shapes
and free form solutions, the low-cost of the materials
employed (cement mortar and meshes).>'°

However, like other cementitious composites, it may
present durability issues due to its construction feature
which results, in particular, in a high surface area of rein-
forcement and limited thickness of the concrete cover.

In this paper, the performance of historical ferroce-
ment specimens subjected to corrosive environments is
evaluated by an experimental campaign carried out on
ferrocement specimens. The ferrocement under analysis
is the one employed by Nervi in the structures of Turin
Exhibition Center (or Torino Esposizioni), built between
1947 and 1953.'%'2 In both pavilions ferrocement is used
in different forms and solutions that Nervi patented in
those years: such as the waved ashlars (Patent no. 445781
registered in August 1948) and the “tavelloni” (Patent
no. 465636 registered on May 19, 1950)."”'® Considering
the historical value of the analyzed structures and since
the ferrocement elements are extremely thin, which
didn't allow for the use of any investigation tests, to
investigate the durability of this material, small-scale fer-
rocement replica specimens were built in the laboratory,
starting from a small sample collected on-site. More spe-
cifically, the sample was collected from one of the ferro-
cement beams elements of Hall C, which elements and
investigation campaign are better described in Lenticchia
et al."” The sample was used to determine the matrix
composition of the concrete (both chemical and petro-
graphically) and identify the wire mesh characteristics, in
order to recreate the recipe employed originally by Pier
Luigi Nervi.

The ferrocement samples built in the lab were then
investigated by subjecting them to a corrosive environ-
ment. After an aggressive aging procedure, where the
specimens are exposed to natural chloride ingress,
the specimens are tested through a four-point bending
test to compare their performances, by following the ACI
recommendation.®’ Results of the mechanical perfor-
mance are then compared to the results from the half-cell
potential monitoring that was carried out during the
aging process.

The insights given by the present work will be useful
to identify the best procedures to protect and preserve
this material, as well as evaluate its performance
over time.

1.1 | Research significance

The material is largely used as a low-cost construction
and retrofit solution and allows the creation of very thin
elements. Despite the use of the material, few studies
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have analyzed its durability with respect to corrosion®® >

and research on the subject has been mostly restricted to
ferrocement configurations, in terms of mixtures or wire
mesh used, that were not present in the past (e.g., use of
galvanized, or stainless-steel reinforcements).

In the past, the material was also used for the con-
struction of some structural engineering masterpieces
(e.g., the Sydney Opera House), some of which faced
preservation challenges. Moreover, in literature, there is
a lack of studies regarding the behavior of historical fer-
rocement elements, their state of preservation regarding
loss of ductility, and their evaluation for preservation
purposes.

Another issue that characterizes construction technol-
ogy and consequently requires specific insights is the dif-
ficulty of inspecting it for diagnosis purposes. Due to the
minimal thickness of the ferrocement elements, it is often
not possible to carry out a proper diagnosis on-site. In
fact, the most common non-destructive tests, such as
georadar, ultrasonic pulse velocity, and rebound tests,
failed to give any information or were not suitable since
the analyzed ferrocement elements spanned from 2 to
4 cm thickness; the half-cell potential test also failed to
provide any information since the continuity of the rein-
forcement somehow was not guaranteed. Moreover,
given the position of the elements to be investigated and
the fact that they were used as formwork for the concrete
pouring, it was not possible to collect samples large
enough to carry out any destructive test.

The present study wants to contribute to an unex-
plored area of research, whereas in the majority of cases,
degraded structural elements built in ferrocement are
demolished, the objective is to extend the service life of
the material, in view of preserving a heritage belonging
to the history of civil engineer. In engineering applica-
tions, this study is useful to identify the properties of his-
torical/existing ferrocement elements and predict their
capacity.

2 | MATERIALS AND METHODS

In order to investigate the performance of the historical
ferrocement under analysis, the experimental campaign
was structured into the following phases: (i) material
investigation; (ii) samples reconstruction; (iii) samples
aging; and (iv) samples monitoring and testing.

In the initial stage of material investigation, a sample
was collected from the original structure under analysis
to gather comprehensive data about its composition. The
results of the mechanical, chemical, and petrographical
analyses were used to recreate the specimens to be aged
by exposing them to chloride ingress, in a wet and drying
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cycle. During the aging process, samples were monitored
by means of photographic documentation and half-cell
potential measurements.

At the end of the aging process, all samples are sub-
jected to a four-point bending test until failure. The aim
is to compare the results with samples that did not
undergo aging to comprehend the impact of corrosion on
the structural performance of the material.

2.1 | Investigation on materials

The ferrocement under analysis is the one employed by
Nervi in the structures of Torino Esposizioni. In both pavil-
ions ferrocement is used in different forms and solutions
which Nervi patented in those years. Figure 1 shows the
elements of the pavilions where ferrocement was employed.
To replicate Nervi's ferrocement, and determine the proper
mixture, it was fundamental to study the patents®* >’ and
the writings authored by the designer,'®'>'%?*%° a5 well as
identifying all the ferrocement elements in the halls and
their differences. From the original documentation alone,
however, it was not possible to state with certainty the
actual mix design of the recipe used by Nervi, especially to
assert the one related to the structures under analysis.

Regarding direct investigation on the material, it was
not possible to carry out a proper diagnosis on-site, apart
from endoscopies and partial scarifications, due to the
fact that ferrocement elements were presented a thick-
ness below the minimum one requested by the most com-
mon non-destructive tests (such as ultrasonic pulse
velocity, and rebound tests); another issue for on-site
material investigation was due to the use of some ferroce-
ment elements as formwork, where concrete was poured
over them, and consequently it was not possible to
investigate it.

When partial scarification was performed at the sur-
face level, it exposed the first mesh layer of the ferroce-
ment element. Usually, on visual analysis, the first layer
of mesh was found to be partially affected by corrosion.

After these first analyses, the authors proceeded in
collecting a sample of ferrocement by selecting the most
feasible location: the beams elements of hall C. In fact,
the corrugated slab at the impost of the vault consists of
prefabricated ferrocement elements with a 9.5 m span
with a wave section, then connected by in-situ casting to
give continuity.

The corrugated beam consisted of a precise combina-
tion of reinforcement, with wire mesh and high-quality
cement mortar. Its cross-sectional area was not constant
but increased from the outside inward towards the
arches, where it reached its maximum size (Figure 2a).
The element was 0.94 m wide, 9.5 m long, as mentioned
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FIGURE 1 Interior view of Nervi's halls in Torino Esposizioni and their schematization showing where the main ferrocement elements

are located and their volumetric steel fraction in percentage. On the top is reported the Hall B, while the Hall C is on the bottom.

before, and with a height ranging from 0.26 to 0.44 m at
the highest part. It is a modular element with remarkable
strength characteristics, despite its slight thickness (2-
4 cm). From the original design, the internal reinforce-
ment of the corrugated beam in Hall C consisted of three
layers of wire mesh weighing 0.600 kg/m? both above
and below the ordinary reinforcement, to form the char-
acteristic curved shape®>*"*° (Figure 2b).

The extracted sample was about 12 cm x 12 cm
(Figure 3), from an undulated beam located in the west
area of Hall C." The sample was used to determine the
cement composition and to analyze the actual number
of mesh layers employed by Nervi and the wire charac-
teristics. From the sample it was possible to assess that
the ferrocement of the undulated beam of Hall C is
constituted by four layers of mesh in 2 cm thickness,
which bring to a steel—composite ratio of 3.14%. In
fact, from the knowledge phase of both halls, it

emerged that Nervi employed different volumetric steel
fraction depending on the structural element in ferro-
cement. Overall, the volumetric steel fraction, calcu-
lated thanks to the original drawings, is reported in
Table 1, while Figure 1 reports their location. The volu-
metric steel fraction is estimated as the ratio between
the steel area divided by the total transversal area of
the concrete matrix. Regarding Hall C, it is important
to highlight that the ferrocement of the undulated
beams presented six layers (Figure 2a), while the
extracted sample had only four of them. Moreover,
Nervi in the volumetric steel fraction counted the con-
tribution of the additional layer of reinforcement, con-
stituted by small diameter bars, these differences are
reported in Table 1.

Thanks to the extracted sample, it was possible to
carry out the characterization of the materials in order
to recreate the ferrocement of Nervi in the lab.
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FIGURE 2 (a) Illustration of construction details related to ferrocement corrugated beams.* It is possible to appreciate the number of
the wire mesh layers and the variations in thickness in the cross section. (b) Prefabrication on site of the undulated beams in ferrocement
(1949-1950)."7
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FIGURE 3 (a) Scarification of a ferrocement beam element located in Hall C, it is also possible to appreciate the trace for the endoscopy

test; (b) location of the sample extraction, indicated with a red arrow; (c) extracted ferrocement sample.

TABLE 1 Volumetric steel fraction % in To-expo ferrocement structural elements based on the original drawings.

Thickness
(mm)
Elements—Hall B
Undulated element 45
Fan-shaped element 35
Diamond-shaped elements 10
Elements—Hall C
Undulated beam (six layers of wire mesh) 20
Undulated beam (six layers of wire mesh 20
without small diameter bars)
Undulated beam (four layers of wire mesh) 20
Undulated beam (four layers of wire mesh 20
without small diameter bars)
Diamond-shaped elements 25

2.1.1 | Cement matrix

According to the results of the petrographic analysis and
the chemical and mineralogical characterization, better
reported in Ceravolo et al.,*! the replica specimens were
reconstructed by using a mortar based on pozzolanic
cement prepared in the Buzzi Unicem mixing plant in
Trino (VC). The pozzolanic component (in replacement
of bentonite) confers to the mortar a thixotropic consis-
tence, making it suitable to be set and modeled around
the metallic mesh, with 60 min of workability time. Typi-
cal performances are compressive strength higher than
10, 35, and 45 MPa after 1, 7, and 28 days, respectively;
flexural strength higher than 4, 6, and 8 MPa after 1, 7,
and 28 days, respectively. As a measure of comparison
regarding the compressive strength of the mortar with the
original one, it was possible to collect some data regarding

number of layers Volume of the ordinary = Volumetric steel

of steel mesh reinforcement (cm?) fraction (V,) (%)
3 585.9 2.35
3 1298.5 5.06
1 130.9 1.44
6 196.4 5.69
6 - 4.71
4 196.4 4.12
4 - 3.14
1 130.9 1.15

the cement properties from the original laboratory certifi-
cates of the time containing data from the MASTRLAB
Certificate Archive of the Politecnico di Torino—Turin
Exhibition Center for the years 1947-1954. These data are
published in the report regarding the conservation man-
agement plan of the halls.*® It is important to highlight
that any trace of possible additive organic nature couldn't
be assessed, as well as the actual w/c ratio for the cement
mortar employed by Nervi, so there are some intrinsic
uncertainties. For what regards mortar, a w/c ratio of 0.18
was used, 160 mm x 40 mm x 40 mm samples are cast
and tested by following the EN ISO 1015-11,>* and per-
forming a three-point bending test (Figure 4). Flexural
testing separated the specimens into two halves, which
were then tested in compression by applying a load with-
out shock at a uniform rate at 50 N/s. The results of the
mechanical tests on mortar are reported in Tables 2 and 3.
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FIGURE 4 Setup of the characterization of the cement matrix: Scheme of the setup according to the EN ISO 1015-11 for the three-point
bending test (a) and the actual test (b); scheme of the setup according to the EN ISO 1015-11 (c) and the compressive test (d).

TABLE 2
specimens, reporting the IDs, the geometrical dimensions a, and

Results of the three-point bending tests on mortar

by, the depth and width respectively, and the results in terms of
load Fy,.y, the obtained mean value, and standard deviation.

ID ay (mm) by (mm) Fnax N)
S7-CP-01 37.44 39.9 3029
S7-CP-02 39.40 39.89 3092
S7-CP-03 37.77 39.82 1530
S7-CP-04 39.78 39.98 3491
S7-CP-05 40.48 39.85 3080
S7-CP-06 39.62 39.87 3317

F.x (mean) (N) 2924

SD (N) 705

2.1.2 | Wire mesh steel

The extracted sample was also useful to determine the
wire mesh used by Nervi. From a first visual analysis,
the wires of the mesh in the location selected for sampling
resulted corroded (Figure 3c). To better analyze the state
of conservation and its characteristics, each layer of metal
mesh was carefully removed from the cement matrix by
using a hammer, chisel, and an electric abrasive. After
removal, all layers extracted were documented and cata-
loged. The resulting steel meshes consist of interwoven
steel wires (not welded) with a diameter of 1 mm and from
handling it resulted to be mild steel. From this analysis
and knowing the approximate characteristics of the steel
chosen by Nervi at the time, thanks to the original techni-
cal reports, the reinforcements for the mock-ups were cho-
sen, by selecting smooth steel bars and woven meshes
with 1 mm diameter and 10 mm x 10 mm spacing. The
chosen wires for the specimens were then tested by simple
tensile test following the EN ISO 6892-1:2019°* standards.
Results are shown in Table 4, and reports the ID of the dif-
ferent tested wires, which dimension in terms of diameter

was measured in three different points (D1, D2, D3), in
order to calculate the average diameter (Dm) of each wire.

2.2 | Samples construction

For evaluating the performance of the ferrocement,
11 samples are realized with a dimension of 300 mm Xx
75 mm x 30 mm, each sample included seven layers of
metal mesh 270 mm x 55 mm (V; = 3.63%). The dimen-
sion of the samples and the number of layers were
defined by following Pier Luigi Nervi's design (regarding
the volume fraction of steel reinforcement) and in accor-
dance with ACI indications,®” in order to use the proper
dimensions for the mechanical tests.

The V; value found in the sample extracted from the
corrugated beam in Hall C is 3.14%. However, it should
be considered that the thickness of the beam is variable,
and the reinforcement is not distributed in the same way
over the entire beam, and considering the entire
section of the beam, including longitudinal and trans-
verse reinforcing bars, the Authors find V, =4.12%. A
representative value for the entire beam section can then
be the average between the two, 3.63%.

The samples were poured by using a w/c ratio equal
to 0.18, which provided the best workability for this
application, and to obtain a good quality compact
matrix to ensure good durability as highlighted by
Naaman® stating that the w/c ratio shouldn't exceed
0.4-0.45 by weight. For lack of information, it was not
possible to establish the w/c ratio employed by the
designer. Figure 5 shows the construction phase of the
samples, including the assembly of the steel connec-
tions for the half-cell corrosion potential measure-
ments. All samples were then cured for 28 days
underwater in a humidity-controlled environment. One
of the samples was treated with a layer of water-based
acrylic paint in order to better simulate the exposure
situation in the halls (Figure 3).
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TABLE 3 Results of compressive

ID So (mm?) Finax (N) Gmax (N/mm?) )
test on mortar specimens.
S7-CP-01-A 1600 84,810 53.0
S7-CP-01-B 1600 81,082 50.7
S7-CP-02-A 1600 88,260 55.2
S7-CP-02-B 1600 89,909 56.2
S7-CP-03-A 1600 83,198 52.0
S7-CP-03-B 1600 87,394 54.6
S7-CP-04-A 1600 95,663 59.8
S7-CP-04-B 1600 89,672 56.0
S7-CP-05-A 1600 83,767 52.4
S7-CP-05-B 1600 93,580 58.5
S7-CP-06-A 1600 91,465 57.2
S7-CP-06-B 1600 90,358 56.5
Omax (mean) (N/mm?) 55.2
SD (N/mm?) 2.7

Note: Sy is the area of compressed mortar during the test, computed considering standard dimension of the
sample from EN ISO 1015-11.%

TABLE 4 Results of tensile strength test (o) on steel wires selected for the ferrocement specimens.

ID D1 (mm) D2 (mm) D3 (mm) Dm (mm) F (N) A (mm?) ¢ (N/mm?)
w 01 1 0.998 1.031 1.01 260.60 0.80 325.7
w 02 0.988 1.032 1.041 1.02 260.91 0.82 319.3
w 03 0.993 0.989 1.003 1.00 260.94 0.78 335.8
w 04 1.002 1.018 0.985 1.00 260.78 0.79 331.1
w 05 1.001 0.988 0.992 0.99 260.43 0.78 336.0
w 06 1.001 0.999 0.99 1.00 259.58 0.78 332.9
w 07 0.997 1.014 0.99 1.00 261.76 0.79 333.2
w 08 1.005 1.007 0.987 1.00 261.34 0.78 333.1
w 09 1.006 1.022 1.015 1.01 259.36 0.81 321.1
w 10 1.016 1.007 1.025 1.02 259.28 0.81 320.0
61 (N/mm?) 328.8
SD (N/mm?) 6.66

Note: The mean value (6,,) and the standard deviation of the results are also reported.

FIGURE 5 Ferrocement samples realization (a) net layers positioning (b) steel connections for subsequent corrosion potential measure
(c) casted sample.
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In order to rapidly appreciate the effect of corrosion,
the samples were exposed to chloride ingress by placing
the samples in a module where they were exposed to wet
and dry cycles, and where during the wetting day, sam-
ples were sprayed continuously for 1 h employing a water
solution with 3.5% NaCl. The drying occurred under nat-
ural conditions. No electrical current was applied. After
7 months of aging (precisely 201 days), all samples
showed evident deterioration on the surface (Table 6).

2.2.1 | Expected ultimate load, simplified
method using plastic moment

To evaluate the expected bending moment a simplified
method using plastic moment is chosen. With this
method, it is possible to assume the behavior of the
section as a perfectly plastic elastic body with different
properties in compression and tension. The properties in
compression are those assumed in the ACI rectangular
stress-block® (Figure 6); the properties in tension are
defined by a value 6., which represents the yield of the
composite material. In this case, all reinforcement layers
are considered in the plastic field.

According to ACI Committee 549%® to evaluate the
bending moment with the simplified method, the follow-
ing equations can be written:

C=0.85-f.-b-a (1)

T=o0c-b(h—a) (2)

where C, is defined as the compression force generated at the
plastic limit, and T, as the tensile force generated at the plastic
limit, while M,,, is the ultimate plastic bending moment.
Moreover, f., represents the characteristic compressive
strength of concrete, and, a, is the depth of rectangular

FIGURE 6
method.®

Plastic moment
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stress-block diagram, while, b, and, h, are the sample base
and the sample's height, respectively. Table 5 and Figure 7
report the features of the samples analyzed in the present
paper and the input data for calculating the expected resist-
ing bending moment. The parameter o, is the tensile
strength generated in ferrocement at the plastic limit.

Zn VriAcgryi _ EAri *Oryi
bh b-h

(3)

Ucy —

Ocy-h

a=—
0.85-f.+0cy

(4)

where 7 represents the efficiency factor of the mesh reinforce-
ment, while, V, is the volume fraction mesh in the volume i.
A,, is the cross-sectional area of ferrocement (composite sec-
tion), while o,y; is yield strength of mesh reinforcement. Ay,
the effective cross-sectional area of reinforcement of layer i.
So, the ultimate bending moment can be computed as:

Mu:(CorT)g (5)

Is possible to predict the simplified plastic moment
from the Equation (5).

h
Muyq :0.85f'cba5: 124.89 kN - mm (6)

3 | EXPERIMENTAL PROCEDURE

Different tests were carried out during the aging proce-
dure to monitor the development of the corrosion phe-
nomena in the samples. In a photographic test campaign,
regular and standardized photos were shot on a screen to
develop superficial evidence of corrosion or other even-
tual phenomena on the samples.
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Half-cell potential test was measured on a regular
grill of 20 points on each sample to keep track of the
areas with a higher probability of corrosion develop-
ment by using a standard anode immersed in copper
sulfate.

In the end, sample performance was evaluated by
carrying out four-point bending test, according to the
ACI Committee 549%7 standards, and measuring
the midspan deflection by means of an LVDT.

TABLE 5 Input data for expected resisting bending moment.

Input data

n steel for each layer 5 (=)

n of layers 7 (-)

dy 1 (mm)

b 75 (mm)

h 30 (mm)

i 3.67 (mm)
Concrete cover 4 (mm)

fi 55.17 (N/mm?)
oy 328.8 (N/mm?)
F points bending test arm 80 (mm)

TABLE 6 Pictures of the samples before and after aging.

The following paragraphs reports the results of each
testing stage.

3.1 | Photographic campaign

Photographic test campaign is carried out each time with
corrosion potential measurements, allowing the monitor-
ing of the advancing of the corrosion process in the
samples, giving a qualitative point of view of the aging
process. Table 6 reports the photographic acquisitions
of the samples at different time steps of the aging
procedure.

3.2 | Corrosion potential

Half-cell corrosion potential measurements are carried
out with a Cu/CuSO, reference electrode (Figure 8a).
Half-cell corrosion potential is measured before starting
the aging cycle, and every 2 weeks, during the aging pro-
cess. All the data collected are evaluated in accordance
ASTM (876 Guidelines®® for corrosion potential of rein-
forcement steel without cover in concrete. The values are
evaluated as follows:

FIGURE 7 Ferrocement
samples geometrical
characteristics seen from: Front
view (a) and longitudinal
section (b). It is possible to
appreciate the numbers of layers
and the dimension of the
samples.
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FIGURE 8 (a) Corrosion potential measurement. (b) Corrosion potential measurements scheme showing the 20 points of acquisition.

FIGURE 9 Corrosion
potential shift the samples
monitored during the 6 months
aging period. The dotted line
represents the stopping point of
the aging process, after which
the specimens were left to dry in
a protected environment. One of
the samples was treated with a
layer of water-based acrylic
paint in order to better simulate
the exposure situation in the
halls.

FIGURE 10 Setup of the
four-point bending test,
according to the configuration
as required by ACI standards®
(a); sample preparation (b).

BSUSD17 SUOWILLOD SARERID d|cedldde ay) Aq pausenof afe sapie YO ‘SN JO S3|NJ 10} Afeiq 1 3U1IUO AB|IM LD (SUORIPUCD-PUB-SWIBHLCY" A3 |IM-ARIq 1 U1 |UO//SRY) SUORIPUOD PUe SWiB | 8U1 39S *[9202/T0/T2] uo AriqiTauluo Ao|im ‘outioL 1 1iod A [1g SIS 0ULIO L 1 021Uxd3I0d AQ 65007202 09NS/Z00T OT/10p/W0d" A8 |1 AReuq 1eu uo//Sdny WOy papeoiumoq 'S ‘Se0e ‘879LTSLT



LENTICCHIA ET AL.

=1 fib

« if corrosion potential is higher than —200 mV
(with reference to Cu/CuSO,), the probability of
corrosion activity of the steel reinforcement is less
than 10%.

« if corrosion potential is between —200 and —350 mV
(with reference to Cu/CuSQ,), there is uncertain prob-
ability of the probability of corrosion activity of the
steel reinforcement in the tested area.

« if corrosion potential is lower than —350 mV (with ref-
erence to Cu/CuSO,), the probability of corrosion
activity of the steel reinforcement is higher than 90%.

Twenty-two measurements are collected based on a
25 mm equally spaced grid on the surface of the sample

(Figure 8b). Before performing the measurements, the
treated surface is wetted by spraying water.

The results of the half-cell potential tests carried out
during the aging procedure are depicted in Figure 9. The
dotted line represents the stopping point of the aging pro-
cess, after which the specimens were left to dry in a
protected environment. It is important to highlight that
half-cell corrosion potential measurements were used to
monitor changes in the performance of the samples dur-
ing time. It has been largely demonstrated that half-cell
potential tests carry out large uncertainties and are
greatly affected by environmental conditions and other
factors.! To overcome as much as possible this bias, the
singles measurements values were taken as a mere

FIGURE 11 Four-point
bending test (a) sample Aged_2
before the test (b) sample
Aged_2 after the test.

FIGURE 12 Four-point bending test load-deflection pattern, aged + painted and aged samples.
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qualitative indication, while more importance was given
to the trends of the measurements.

3.3 | Flexural test on ferrocement

Deterioration or loss of strength due to reinforcement cor-
rosion can indicate relative corrosion damage. In order to
evaluate it, all specimens were tested up to failure in flex-
ure to evaluate changes in their performance, and conse-
quently the effect of corrosion in the structural response.
Flexural tests were carried out with the configuration as

ﬁb | 5797
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required by ACI Committee®® with simply supported
beam with third-point loading. For aged samples, the
tested element was positioned with the side exposed to the
aging process downward, subjected to tension state. Fig-
ures 10 and 11 show the setup of the four-point bending
test. For the midspan displacement measurements by
means of LVDT, a plate was assembled in the middle of
each sample (Figure 10b). Figures 12 and 14 depict the
load-deflection pattern for the aged and the non-aged
series, respectively. In both figures, the mean value of the
series is depicted with a red line, while the blue line
always depicts the sample treated with a layer of paint.

FIGURE 13 Four-point bending test load-deflection pattern with ultimate load point and work highlighted, aged samples from (a) to

(d), painted and aged (e).
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FIGURE 15
(a) to (f).

FIGURE 14 Four-point
bending test load-deflection
pattern, non-aged samples
+ painted and aged.

Four-point bending test, load-deflection pattern with ultimate load point and work highlighted, non-aged samples from
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FIGURE 16 The employed microscope for the corrosion-loss estimation (a); mechanical cleaning of the extracted slice (b); scheme
showing the cross section of the sample and the wire numbering (c).

FIGURE 17 Photographic acquisitions of the corrosion state of wires of sample Aged_02 (a-e) and the painted and aged sample (f-j),
by means of the optical microscope (magnification 5x).

FIGURE 18 Magnification
of wire w5 of the sample
presenting a layer of paint
(painted and aged),
magnification 2x (a) and 5x
reporting the radius of the wire
and the measured loss of area
due to corrosion (b),
respectively.
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Table 9 reports the results of the flexural tests of
aggregated samples in terms of ultimate load and J,
(defined as the deflection at the ultimate load). Results
are used to evaluate the mechanical properties of the fer-
rocement samples by comparing the performance of the
aged and non-aged ones. Table 10 reports the results in
terms of mean values and their standard deviation for
each parameter (ultimate load, work, and d,). The com-
parison is done in terms of percentage loss compared to
the non-aged samples; moreover, an additional parameter
useful to evaluate the ductility of the material is by compar-
ing the loss of work, which is represented by the underlying
area of the load-deflection (Figures 13 and 15).

This loss in ductility can also be appreciated by the
distribution of the crack pattern, and the crack width in
the tensile zone (Table 7). In fact, the non-aged samples
present a more distributed spread with respect to the
non-aged ones.

3.4 | Corrosion-loss measurements

To better evaluate the effect of the corrosion, the cross-
sectional corrosion-loss of the wires was estimated by
using a stereoscope (Figure 16a). Following the
mechanical test, a slice close to the main crack was
extracted for each aged sample (Figure 16b). The slices
were cleaned for the optical microscope observations,
and it was observed that the corrosion occurred in the

wires of the first layer of the exposed surface to chlo-
rides of each sample (Figure 16c).

The corrosion was then measured for each wire of the
first layer of mesh (highlighted in red in Figure 16¢c), which
was the one closest to the surface exposed to the aging action
of the chlorides. Figure 17 shows the photographic acquisi-
tion of the corrosion state of the wires of sample Aged 02
and the sample Aged and painted. Corrosion was detected in
all samples, besides the different levels of seriousness in the
different wires, ranging from no corrosion (e.g., Figure 17a,c,
f,gh) to the total corrosion of the area (Figure 17¢). Results
of the measurements of the cross-sectional corrosion-loss of
the wires of each sample are reported in Table 8, while
Figure 18 shows a detail of the measuring on a wire.

4 | DISCUSSION OF THE RESULTS

Comparing the mean ultimate bending moment at failure
M, obtained experimentally for the non-aged samples
and the expected ultimate load from plastic moment M4
(Equation 6), the difference is about 2.7%.

As it was highlighted from the previous paragraph, and
from Tables 9 and 10, it is possible to notice an important
difference from the aged and the non-aged series, especially
by comparing the average maximum work and the corre-
sponding displacement applicable to the samples.

In particular, with reference to the previous table, it is
possible to compute the average loss in ultimate bending

FIGURE 19
the corrosion of the wires

Comparison of

(in green), by considering the
remaining area of the most
exposed layer of mesh, with the
load-bearing capacity obtained
for each sample (in orange).
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TABLE 7 Samples crack pattern after four points bending tests, from (a) to (d) aged samples, (e) painted and aged, from (f) to (j)

non-aged samples.

moment M, ., Ultimate deflection &, .55, and the work
loss W joss as:

M u,nonaged — M u,aged
M u,loss — (7)
M u,nonaged
5u,n0naged - 5u,aged
Sujloss = —ates LS (8)
5u,nonaged

Wu nonaged — w
s gel u,aged
Wu,loss = (9)

Wu,nonaged

Results are reported in Table 11, and it is possible to
notice how aged samples show an important reduction of
M,, of about 18.7%, a significant statistical reduction of
by, of about 63.6%, and an average loss of W, of about
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TABLE 8 Results of the measurements carried out using the stereoscope to measure the cross-sectional corrosion-loss area in the wires.

Wire Area Area Area loss Area loss Remaining Total remaining
ID n loss (pm?)  loss (%) tot* (mm?) tot® (%) area (pm?) area® (mm?)
Aged 1 wl 513,625 65.40 0.834 21.25 271,773 3.092
w2 43,376 5.52 742,022
w3 209,187 26.63 576,211
w4 0 0.00 785,398
w5 68,221 8.69 717,177
Aged 2 wl 0 0.00 1.171 29.82 785,398 2.756
w2 125,952 16.04 659,446
w3 0 0.00 785,398
w4 259,568 33.05 525,830
w5 785,398 100.00 0
Aged 3 wl 194,042 24.71 0.756 19.24 591,356 3.171
w2 68,664 8.74 716,734
w3 142,347 18.12 643,051
w4 167,916 21.38 617,482
w5 182,573 23.25 602,825
Aged 4 wl 0 0.00 0.128 3.26 785,398 3.799
w2 0 0.00 785,398
w3 0 0.00 785,398
w4 83,931 10.69 701,467
w5 44,271 5.64 741,127
Painted and w1l 0 0.00 0.230 5.85 785,398 3.697
aged w2 0 0.00 785,398
w3 93,128 11.86 692,270
w4 0 0.00 785,398
w5 136,722 17.41 648,676

“The results refer to the wires in the same row, as highlighted in Figure 16a.

TABLE 9 Four-point bending test results.

ID Ultimate load L,, (kN) Ultimate moment M, (KN - mm) 6, (mm) Work (J)
Aged 1 2.38 95.4 5.762 12.379
Aged 2 2.35 94.0 5.778 12.564
Aged 3 2.40 95.8 3.268 6.763
Aged 4 2.748 109.9 4.88 11.934
Non-Aged 1 2.904 116.16 11.8 29.778
Non-Aged 2 3.14 125.6 13.4 37.317
Non-Aged 3 2.992 119.68 17.53 46.881
Non-Aged 4 2.984 119.36 16.7 43.308
Non-Aged 5 2.984 119.36 12.41 31.551
Non-Aged 6 3.224 128.96 9.248 25.942
Painted and aged 2.788 111.52 12.69 32.830
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TABLE 10 Four-point bending test results, in terms of mean values of the different series.
Mean SD Mean SD Mean SD Mean SD
Series L, (kN) L, (kN) 6, (mm) 6, (mm) w ) w @) M, (kN - mm) M, (kN- mm)
Aged 2.470 0.161 4.922 1.022 10.910 2.405 98.810 6.447
Non-aged 3.038 0.109 13.515 2.847 35.797 7.450 121.520 4.348
Painted and 2.788 - 12.690 - 32.831 - 111.520 -
aged
TABLE 11  Four-point bending test, percentage of loss of properties of protection that just a layer of paint can exert

mechanical properties, mean values for series.

ID series % M, loss % 0y, loss % W loss
Aged 18.688 63.580 69.521
Painted and aged 8.229 6.102 8.285

69.5% for the aged series. Moreover, the painted sample
shows a lower decrease of values of M, loss, 8.2%, and a
notably lower reduction of &, (6.1%) and W (8.3%) values
compared to aged samples that did not present a layer of
paint.

From the results obtained by the experimentations, it
can be stated that the sample presenting a layer of paint
presents a behavior comparable to the one of not aged
samples, with a slight decrease of performances, mostly
evidenced by the W loss. This demonstrates very good

TABLE 12

on this material. This is important for our observations
and analysis, since most of the ferrocement elements
located in the case under analysis present at least one of
the surfaces protected with a thin layer of paint
(Figure 3).

This is also confirmed by the results of the half-cell
potential monitoring tests, where the higher rates of cor-
rosion potential shift are found in the non-treated sam-
ples. Although, after the end of the aging process, a
corrosion potential shift from values with high corrosion
probability (below —350 mv) to values with uncertain
corrosion probability (over —350 and below —250 mv) is
noticed in all the samples, the painted one presents
higher values during the whole aging process.

By considering the results of the optical microscope
acquisitions it is also possible to compare the sectional
corrosion of the wires with the load-bearing capacity

Samples section after aging and four-point bending test, from (a) to (d) aged, (e) Painted and aged (the red arrows indicate

the sample's side exposed to aging, subjected to tension during the four-point bending test).

Aged 01 | Aged 02 | Aged 03 | Aged 04 | Painted and Aged
« « « « «
« « « « «
« « « « «
« « « « «
« « « « «
(a) (b) () (d) (e)

BSUSD17 SUOWILLOD SARERID d|cedldde ay) Aq pausenof afe sapie YO ‘SN JO S3|NJ 10} Afeiq 1 3U1IUO AB|IM LD (SUORIPUCD-PUB-SWIBHLCY" A3 |IM-ARIq 1 U1 |UO//SRY) SUORIPUOD PUe SWiB | 8U1 39S *[9202/T0/T2] uo AriqiTauluo Ao|im ‘outioL 1 1iod A [1g SIS 0ULIO L 1 021Uxd3I0d AQ 65007202 09NS/Z00T OT/10p/W0d" A8 |1 AReuq 1eu uo//Sdny WOy papeoiumoq 'S ‘Se0e ‘879LTSLT



LENTICCHIA ET AL.

=1 fib

obtained for each sample. The comparison is showed in
Figure 19, and it is possible to observe that in terms of
ultimate load there is a correspondence between the
amount of remaining area and the increase in the
load capacity. It is important to note that the measure-
ment of corrosion loss should be made at the point of
rupture of the samples. However, it would be altered
by the effect of the rupture itself. So, it is only possible
to measure what happens in the vicinity of the
rupture zone.

Moreover, the rupture sections of the aged samples,
reported in Table 12, confirm how corrosion generally
affected the first layer of reinforcement and, in some
points (Table 12b), even the second layer. At failure,
the ferrocement wires of the first layer were broken in
different points, but by observing the load-deflection
graphs (Figure 13) it is possible to assert that slip have
occurred, especially considering the characteristics of
the employed mesh (smooth wires of steel and not
welded texture) also enhanced by the presence of
corrosion.

5 | CONCLUSIONS

The study presented the behavior of ferrocement sub-
jected to a corrosive environment; in particular, by recon-
structing and analyzing the historical ferrocement used
by Pier Luigi Nervi in his structures and carrying out
both monitoring by means of half-cell potential and
bending tests the performance of the material was evalu-
ated. The aim was to understand the effects of aging on
this material. The study is of interest since, despite the
widespread use of the material, few studies have analyzed
its durability for preservation purposes. Through a com-
bination of a specific experimental campaign, which
included photographic documentation, half-cell potential
monitoring, mechanical tests, and stereoscope acquisi-
tions to evaluate the corrosion-loss, we observed the
development of the aging process, and we could evaluate
how it affected the performance of the material.

Results of the experimental campaign suggest that a
layer of painting, was efficient in protecting the material
to the corrosive environment. However, the present work
has only considered the degradation by subjecting the
specimens to accelerated corrosion due to chloride
ingress. Future works should be carried out to evaluate
different degradations considering also carbonation.
Moreover, other protections measures, such as corrosion
inhibitor, or protective treatments of various nature,
could also be investigated.

As also highlighted by,*® since the research on the
durability of ferrocement is still limited, it is difficult to

predict the residual service life of the material after sur-
face treatment. Moreover, research about the proper
application and concentration of these treatments with
regard to the porosity and penetration depth must be
carried out.
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