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Abstract

This paper reports a statistical analysis of a database archiving information on the strengths
of the materials in existing Italian bridges having pre- and post-tensioned concrete beams.
Data were collected in anonymous form by analyzing a stock of about 170 bridges built
between 1960 and 2000 and located in several Italian regions. To date, the database refers
to steel reinforcing bars, concrete, and prestressing steel, whose strengths were gathered
from design nominal values, acceptance certificates, and in situ test results, all derived
by consulting the available documents for each examined bridge. At first, this paper
describes how the available data were collected. Then, the results of a statistical analysis are
presented and commented on. Moreover, goodness-of-fit tests are carried out to verify the
assumption validity of a normal distribution for steel reinforcing bars and prestressing steel,
and a log-normal distribution for concrete. The database represents a valuable resource
for researchers and practitioners for the assessment of existing bridges. It may be applied
for the use of prior knowledge within a framework where Bayesian methods are included
for reducing uncertainties. The database provides essential information on the strengths
of the materials to be used for a simulated design and/or for verification in the case of
limited knowledge. Goodness-of-fit tests make the collected information very useful, even
if probabilistic methods are applied.

Keywords: post-tensioned concrete bridges; prestressed concrete bridges; material strength;
database; prior knowledge; statistical analysis; goodness-of-fit tests
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1. Introduction

Nowadays, many existing transport infrastructures require special attention, as also
demonstrated by several sudden failures of bridges that have occurred in the recent
past [1-6]. Their aging and increasing traffic loads make it necessary to define a man-
agement plan taking into account priorities and available economic resources.

For the reason above, the scientific community is addressing many efforts to investi-
gate how the residual service life of bridges can be estimated, including current material
degradations [7,8]. Moreover, recurrent bridge typologies are being studied, paying particu-
lar attention to their design rules, as they were realized, and the frequent damages/defects
that may be encountered [9]. Within this framework, the knowledge of materials’ properties
plays a crucial role, along with how they may degrade over time.

Within this scope, recently, the FABRE consortium (a Research Consortium for the
Evaluation and Monitoring of Bridges, Viaducts, and Other Structures (https://www.
consorziofabre.it/)) funded the research project “A reviewed SAfety FOrmat for structural
reliability assessment of post-TEnsioned concrete Bridges” (briefly, the SAFOTEB project). The
project aims to assess the residual life of existing post-tensioned concrete bridges, includ-
ing their typical degradation mechanisms, and based on a partial factors format. Also,
applications to some case studies were performed [9-13]. The research group included
the University of Basilicata, the University of Camerino, the Politecnico di Milano, the
University of Pisa, the University of Perugia, and the ITS Engineering company.

In this paper, some results obtained within the SAFOTEB Work Package 1 (WP1)—
Material Properties are illustrated and commented on. In particular, in this WP, a database
was developed by examining a stock of 168 existing prestressed Italian bridges, including
both pre- and post-tensioned concrete beams (pre-TCBs and post-TCBs, respectively). The
sample under examination includes several Italian bridges that the project’s research units
investigated in previous activities carried out within and funded by the FABRE consortium.

The investigated bridges are located in several Italian regions, built between 1960
and 2000. In particular, the database stores the strength details of the following materials:
steel reinforcing bars, concrete, and prestressing steel. These properties were gathered
from design nominal values, acceptance certificates, and in situ tests, all derived from the
available documents for each bridge examined.

At first, a brief state-of-the-art review on prestressing technology is introduced. Then,
the organization of the database is illustrated, and the main results related to the materials’
strength are discussed. Finally, a statistical analysis is completed by means of two goodness-
of-fit tests, which are the Shapiro-Wilk and D’Agostino—Pearson tests, for testing the
assumption of a normal distribution for steel reinforcing bars and prestressing steel, and a
log-normal distribution for concrete. Statistical tests are executed only for variables having
a significant number of data points.

This research carried out is important within the structural engineering community,
since it is widely known that prior knowledge of a material’s mechanical characteristics is
indispensable for the initial performance assessment, to be later complemented by specific
investigations, reducing uncertainties [9-11]. To date, several investigations have been
performed, involving Bayesian updating approaches for integrating additional information
obtained from experimental tests with prior knowledge. They allow us to assume more
accurate mechanical parameters, calibrating reasonable values of confidence factors [14].
By employing Bayesian frameworks for inference, probability distributions of structural
modeling parameters may also be updated [15]. Developments and applications of Bayesian
approaches for updating the numerical models of buildings and bridges may be found
in [16-19].
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Moreover, the scientific community has made significant efforts to deepen the under-
standing of the mechanical properties of materials used in existing constructions. These
initiatives have primarily focused on existing buildings through the development of sta-
tistical analyses and dedicated material databases. Among others, it is worth mentioning
the study reported in [20-23] related to reinforced concrete structures, the steel database
available in [24], as well as the probabilistic models proposed in [25], based on a significant
amount of data collected from previous work. On the contrary, only a few studies are
available in the literature regarding the mechanical properties of materials used in existing
bridges. Among these, a study on the material properties of weathering steels is available
in [26]. Recently, the California Department of Transportation (Caltrans) has provided doc-
uments reporting guidelines and best practices for bridges, where the material properties
of historical structural steel are also specified [27].

In this context, the objective of this paper is to reduce the gap between existing
concrete bridges and buildings, given that the materials used for existing bridges have
characteristics generally different from those used in existing buildings; structural elements
in existing bridges have different environmental exposure and degradation, resulting in
different aging compared with those in existing buildings; and procedures for estimating
the mechanical characteristics of the existing materials are available for existing buildings
but not for existing bridges.

2. Concrete-Prestressing Technology

Prestressed concrete (PC) was pioneered in the early 1900s by Eugene Freyssinet [28,29]
for the construction of an arch using prestressing cables. However, this technology became
firmly established only after the Second World War. Initially, prestressing with reinforced
steel tendons proved ineffective because the steel tensioning level was inadequate. Once
high-strength steel was introduced, prestressing became widely used.

PC has been widely applied for building bridges and other types of constructions,
providing several benefits with respect to elements made of ordinary concrete, such as
tensile stress reduction, higher durability, slender beam cross-sections, longer spans, and
limited deformability. Additionally, PC prefabricated elements ensure construction effi-
ciency with higher quality control, offering design flexibility to create different structural
shapes [28,29].

Prestressing is realized by means of compressive forces, contrasting with the external
loads generated by steel tendons or cables, tensioned and anchored to the concrete. It
may be applied in different ways, such as internal, external, and mixed, where wires, bars,
strands, and braids may be applied as steel tendons. Moreover, PC technology may be
applied in two different systems, such as pre- or post-tensioning, that is, before or after the
element’s concrete curing, respectively [28,29]. As for post-tensioning, several anchoring
systems have been patented, such as, among others [29], the STUP system, employing
the method indicated by Freyssinet for the first conical friction anchor, and the Magnel,
Barredo, Morandi, Dywidag-Finsterwalder, B.B.R., and Lee-McCall systems.

Figure 1 shows the prestressing procedure for pre-tensioning (Figure 1a) and post-
tensioning (Figure 1b) by considering a concrete beam. As for the pre-tensioning system, the
tendon is tensioned by jacking against an anchor frame before concrete pouring. When the
concrete has obtained sufficient strength, the tendons are released from the external anchors,
thus transferring the force to the beam through the bond between the pre-tensioned steel
and concrete. On the contrary, for post-tensioning, the tendon is tensioned after the element
curing using a jack, and the resulting force is transferred directly onto the hardened concrete
through the tendon anchor [28]. In this case, tendons are placed within sheathing or a duct
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refilled with coating grease for unbonded applications or grouted ducts, grout caps, and
grout vents for bonded applications.

1. Tendon tensioning with a jack before placed concrete

1. Sheath arrangement and subsequent

Formwork placed and curing concrete
7] — % _
7 S — T
% e i —
Jack Tendonl Sheath
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(a) (b)

Figure 1. Concrete beam prestressing technology: (a) pre-tensioning; (b) post-tensioning.

3. Database Development

A database collecting the material strengths of reinforced concrete (RC) girder bridges
having prestressed concrete beams (PCBs) was developed. A stock of 168 bridges built
in Italy between 1960 and 2000, having both pre-TCBs and post-TCBs, is analyzed. The
number of bridges and their geographical locations are shown in Figure 2a. Meanwhile, as
illustrative examples, Figure 2b reports some images of the bridge typologies considered.

-

Number of bridges in each region

Range
lllO

1

(a) (b)
Figure 2. (a) Number of bridges analyzed in each region of Italy; (b) bridge typology examined.

Figure 3a shows the distribution of bridges for several design year intervals. The
analyzed sample is predominantly composed of bridges designed between 1961 and 1980
(68% (114 bridges)), reasonably in accordance with the Circular of the Ministry of Public
Works of 14 February 1962, no. 384 [30]. Moreover, a noticeable percentage of bridges lack
a specific design year (indicated as not available (NA)).
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Figure 3. Bridges’ distribution for (a) design year; (b) beams’ construction material.

It is possible to analyze the sample of bridges obtained in terms of the adopted
materials. According to this criterion, Figure 3b shows that 93% (156 bridges) of the sample
is composed of PCBs, of which 78% (131 bridges) were realized with post-TCBs and the
remaining 15% (25 bridges) with pre-TCBs. Meanwhile, only 4% (7 bridges) were realized
with RC beams, and 2% (4 bridges) with beams resulting from mixed materials (such as
steel and RC associated with PC). Finally, there is a negligible percentage of bridges where
the construction type is NA.

The database is divided into three main sections, each collecting, in anonymous form,
details about the strength of the materials used. In particular, to date, the following ma-
terials are analyzed: steel reinforcing bars, concrete, and prestressing steel. For each of
these materials, the following data are archived with the related source: design nominal
values retrieved from original design documentation (such as drawings and reports); me-
chanical values measured during the structures” execution and reported within acceptance
test certificates; and values measured with recently performed in situ tests. As examples,
design drawings and photos of in situ tests carried out are shown in Figure 4. In the current
version, the database does not report any data pertaining to recent structural interventions,
like those due to repairs or maintenance.

SEZIONE LONGITUDINALE 150

|

CALCESTRUZZO ARMATURE

Fondazioni R 200 Acciaio Ag. 50

Elevazione H R 250 Ferro omogeneo Aq.42

Figure 4. Some design drawings and photos of in situ tests analyzed.

The database comprises a total of 4899 records. However, only 4574 complete entries
were used in the statistical analyses presented in this work, while incomplete records were
excluded. These incomplete entries typically contain only the material’s declared category
without the corresponding mechanical properties. In some cases, the construction material
of the beams is known, yet the accompanying information—such as the category and
mechanical properties—is partially missing. The 4574 complete records originate from
168 inspected bridges, also including an additional 3788 records containing results from
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prestressing steel acceptance certificates issued by the Materials Testing Laboratory at
Politecnico di Milano. The final application of these materials remains unknown.

First of all, general information is collected for each bridge, including the region, the
province, the road it serves, the construction material of the beams, the year of design, and
the reference design standards (Figure 5). The latter is recorded according to the Italian
Bridge Guidelines [31], which provide a classification system for bridges lacking specific
design data. In such cases, bridges are assigned to one of three classes—Class A, Class B, or
Class C—Dbased on their year of design and span length. Class A includes category I bridges
designed before 1952 and category II bridges designed before 1990. Class B encompasses
category I bridges designed between 1952 and 1990 for spans under 10 m, and between
1952 and 2005 for spans over 10 m. For category II, Class B covers bridges designed in 1990
for spans under 10 m, and between 1990 and 2005 for spans over 10 m. Finally, Class C
comprises both category I and Il bridges designed from 2005 to the present for spans under
10 m, and from 2008 to the present for spans over 10 m. Table 1 summarizes the bridge
classification system according to the Italian Bridge Guidelines [31].

General informations:
J :
I Region Province Servingroad  Beams construction material Design year Reference standards Isu-nnum etement| R egmn
3 Basilicata Potenza S8585 Post-tensionishs PCBS 1960 ca Class B (Cireular 1°384 del 14/02/1962) "
4 Basilicata Potenza 58653 Pre.tensioning PCBs 1973 Class B (Circular 1384 del 13/02/1962) Slabs Province
5 Basilicata Potenza 55653 Pre-tensionind PCBs 1973 Class B (Circular n°384 del 14/02/1962 Beams
6 Basilicat 2t Pre-tensionin PCBs 1973 Class B (Circular 1°3§4 del 14/02 Cross-beams )
7 s 4 peBs 1973 Class B (Circular n°384 de 14/02 Servmg road
s 9 Post-tensionisfe PCBs 1966 Class B (Circular 1°384 del 13/02/1962) Slabs
0 = HronssoustemivaLosns PosrensniprCns 1066 Clos B e w354 e 14051562 o B 1
ost-tensionidfs PCBs jass B (Circular n°384 del 14/02 utments : 3
1 o Post-tensionitfe PCBs 1966 Class B (Circular n°384 del 14/02 Foundations eams construction materia
12 § Post.tensionisgs PCBs 1966 Class B (Circular 1°384 del 14/02 . z
13H Post-tensionirk: PCBs 1960 ca Class B (Circular 1°384 del 14102 Reinforced Concrete
d ¢ Post-tensionitke PCBs 1961-1980 Class B (Circular n°384 del 13/02 Beams . ¥ P
fonisfz PCBs 1961-1980 Class B (Circular n°384 del 14/02 Beams Pre tensioning PCBs
Post L] = ioni
Post-tensioning PCBs 1961-1980 Class B (Circular n°384 del 14/02 Cross-beams Post tensioning PCBs
Post-tensioning PCBs 1961-1980 Class B (Circular 1°384 del 14/02 Beams = Mj u
Post-tensioning PCBs 19611980 Class B (Circular n°384 del 14/02 Cross-beams ixed structures
Post-tensioning PCBs 1961-1980 Class B (Circular 1°384 del 14/02 Beams = NA (NOt Avallable)
Post-tensioning PCBS 1961-1980 Class B (Circular n°384 del 14/02 Slabs
Post-tensioning PCBs 1961-1980 Class B (Circular n°384 del 14/02/1962 Cross-beams
Post-tensioning PCBs 1961-1980 Class B (Circular n°384 del 14/02/1962) 3
Post-tensioning PCBs 1961-1980 Class B (Circular n°384 del 14/02/1962) Beams Desxgn year
Post-tensioning PCBs 19611980 Class B (Circular n°384 del 14/02 Slabs
Post.tensioning PCBs 1961.1980 Class B (Circular 1°384 del 14/02 Cross-beams
Post-tensioning PCBS 1961-1980 Class B (Circular 1°384 del 14/02 Beams Reference standards
Post-tensioning PCBs 19611980 Class B (Circular n°384 del 14/02 Slabs : : : ”
Poit enioningPCBS 10611950 Cles B Cielar 384 6l 1902 coneme | According to Guidelines:
Post.tensioning PCBs 19611980 Class B (Circular n°384 del 14/02
]
2y Post-tensioning PCBs 1961-1980 Class B (Circular n°384 del 14/02 Piers Class A
32 9 Post-tensioning PCBs 1961-1950 Class B (Circular n°384 del 14/02 Abutments .
33 12 PCBs 1961-1980 Class B (Circular 1°384 del 14/02 Piers Class B
34 Basilicata 7 Matera 55598 Post-tensioning PCBs 1961-1980 Class B (Circular n°384 del 14/02/1962 Cross-beam: s Class C
Reinforcing steel | Concrete  Prestressing steel + P4 o—

Figure 5. Storage of general information.

Table 1. Bridge classification according to the Italian Bridge Guidelines [31].

Class A Class B Class C

Category I Category 11 Category I Category II Category I and

Category II
Bridges designed . . . Bridge designed
between 1952 and Bridges designed in from 2005 to the

1990 for spans under

1990 for spans under 10m present for spans

Bridges designed Bridges designed 10m under 10 m
before 1952 before 1990 Bridges designed Bridges designed Bridge designed
between 1952 and between 1990 and from 2008 to the
2005 for spans over 2005 for spans over present for spans

10 m 10 m over 10 m

For reinforcing steel bars, the following data are stored: structural elements (beams,
cross-beams, slabs, piers, pier caps, abutments, foundations, box girders, and half-joints),
steel type (smooth or ribbed reinforcing bars), data source (nominal design values, accep-
tance certificates, or in situ tests), bar shape (square or circular), bar diameter/side, yielding
strength (fy), tensile strength (f,), and ultimate elongation (Agt) (Figure 6).
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” ™ 1

Data source Y Declared category " Bar shape Bar diam.

T T %
(mm] " fy [MPa] fu [MPa] Agt [%) T;te of test

u
CVtest " Sample

T s T
I Structural element " Material Steel type
3
4
5
6
7
8

Slabs Steel  Smooth Desiga nominal values ALE (Hiff strength stecl) Circular 8, 12 Bl 590685 14
Beams Stesl  Smooth Design nominal values ALE (Hiff strength steel) Circular 8. 12 431 590685 14
Cross-beams Steel  Smooth X I values ALE (Hi ustaal) sl T 00 L

ARMATURA DELLA TRAVE 265 490-590 16
26 410490 20
265 490390 16
. - - - “ 265 490590 16
. . . e P
) Rl T IT e
1 B9 27N NSRRI V7 7 EIRN
1 LRIy W TR, i
410490 20
- — 2 410-490 20
26 410490 20
Reinforcing steel  Concrete  Prestressing steel + 4 —

Figure 6. Storage of reinforcing steel data.

Reinforcing steel data:

Structural element
= Beams
= Cross-beams
* Piers
= Other element

Steel type
= Smooth
= Ribbed

Data source
* Design nominal values
* Acceptance certificates
* Insitu tests

Declared category
Bar shape and dimensions

Mechanical characteristics
= f, yielding strength
= f,tensile strength
= A, ultimate elongation

The data records for concrete include structural elements (as above, for reinforcing
steel bars), data source, cube side or cylinder dimension, and compressive strength (R, or

f.) (Figure 7).

3 M w 7 d a
1| Structural element " Material  Conerete type Data souree 7 Cube side or eylinder dimensions " Re [MPa] " fe [MPa] i T:'b of test
3
4 [Shabs Concrete Design nominal values s 3735
5 Beams Concrete Design nominal values s 37.38
6 | Cross-beams Concrete Design values s 3735
7 slat Congisle R200 D 20 16.60
8 |Pier) ARMATURA DELLA TRAVE 2025
9 |Aby 16.60
10 Fou 16.60
11 Ded 3 -
12 Bed 35.00
13 pilef ¢ = T N ]
| \\ \\ &
15 [Bes [ T Atk T i
16 Bea)
17 Slal
18 Cro]
19 Be 3561 Compression test
20 Bea 4220 Con  test
21 Bea 3781 Compression test
22 sl < i [
23 Crol
24 Bea) 53.90 Compression test
25 Be 4150
26 Slal
27 Cro]
28 Be 4059 Compression test
29 Slal
30 Cro]
31 Pied 158
32 Aby 243
33 Bed 2235
% Reinforcing steel | Concrete | prestressingsteel  1_TEST-RS 2 TEST-RS 3 TESTRS 1TESI-C 2Tt = + i ¢ -

Figure 7. Storage of concrete data.

Concrete data:

Structural element
= Beams
= Cross-beams
= Piers
= Other element

Concrete Type

Data source
= Design nominal values
= Acceptance certificates
= In situ tests

Cube side or cylinder
dimensions

Mechanical characteristics
= R. cubic strength
= f. cylindric strength

Finally, for prestressing steel database archives, the data records include the following:
structural elements (beams, cross-beams, slabs, and other elements), data source, specimen
type (strands, wires, cables, bars, braids, and other types), tensile strength (fptk), strength
at 0.1% of residual deformation [f},g 1)k, strength at 0.2% [£(02)k] of residual deformation,
strength at 1% of total deformation [fp(l)k], elongation at the maximum strength (Agt), and
maximum allowable stress (o) (Figure 8). It is important to clarify that for prestressing

steel, the current version of the database includes a stock of 3788 records reporting infor-

mation collected from acceptance certificates issued by the Materials Testing Laboratory

at Politecnico di Milano, for which the final applications are not known. In this case, the

date and reference standards of the issued acceptance certificate, specimen type, yield and

ultimate tensile strength, and maximum stress drops (r%) are reported. Furthermore, an ID

for identifying, in anonymous form, each producer and establishment is archived, too.
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Prestressing steel data:

Structural element
= Beams
= Cross-beams
= Slabs
= Other element

1 I Structural element " Material

Data source " Specimen type " Diameter [mm] fp [MPa] fp(0,1) [MPa] £(0.2) [MPa] fp(1) [MPa] Agt [%] o, [MPa]" I

Data source

2
3

4 Beams Py
5  Cross-beams Py
6 Py
7 2
8

w1 1768 = Design nominal values
; 1365 = Acceptance certificates

1524 1860 1670 33
T T80 1670 = = In situ tests

1030 835 35

1770 1570 35
1050 950

: ) - Specimen type
1560 e 3% .
1860 1670 3s - eres
1860 1670 35 L] i
e 1o Braids
3 = Strands

1860 1670
= Other type

503

1860 1670 35
1860 1670 35
1050 950

Mechanical characteristics
= f, tensile strength
= £,(0,1) resistance at 0,1%
* £,1(0,2) resistance at 0,2%
= f,(1) resistance at 1%

1860 1670 3
1560 1670 3.5
1860 1670 35
NG o 1860 1670 3

Ay ultimate elongation

> Reinforcing steel | Prestressingsteel  Concrete  1TESTRS ~2TEST-RS 3 TEST-RS 1TEST-C 2TE=~ + | ¢« @

0, maximun tensile

Figure 8. Storage of prestressing steel data.

4. Database Analysis

The data on the strengths of steel reinforcing bars, concrete, and prestressing steel are
analyzed and discussed in this section.

In particular, the strength distributions of all materials are analyzed across several
material sub-samples, which were derived by considering different data sources, including
design nominal values, acceptance certificates, and in situ testing results. All percentages
presented in the following histograms are calculated based on the number of data points
available for each specific material sub-sample. It should be noted, however, that for many
of the analyzed bridges, data completeness was lacking across various structural elements,
material types, and data sources.

4.1. Reinforcing Steel

A sample of 374 records referring to the reinforcing steel of all structural elements is
herein examined. It is composed of 90% design nominal values (338 records), 3% values
derived from acceptance certificates (13 records), and 6% values provided by in situ tests
(23 records), the latter obtained within recent experimental campaigns.

Figure 9 presents, in histogram form, the percentage distribution of steel classes used
in various structural elements: beams, cross-beams, piers, abutments, foundations, and
slabs. Figure 9a—f show, for each element, the identified steel classes based on all available
data sources, including design nominal values, acceptance certificates, and in situ tests.
The most commonly observed steel classes are as follows: for beams (55 records), FeB44
(yield strength fy = 440 MPa) appears most frequently, with a share of 25% (Figure 9a);
for cross-beams (50 records), ALE (high-strength steel; fy = 430 MPa) is most recurrent,
with a frequency of 26% (Figure 9b); and for piers (62 records), abutments (54 records),
foundations (30 records), and slabs (49 records), FeB44 is, again, the most frequently found
class, with respective frequencies of 21%, 17%, 23%, and 24% (Figure 9c—f).

Figure 9g, differently from Figure 9a—f, shows the frequencies of all steel classes found
considering a unique sample for all structural elements and all data sources (374 records)
(Figure 9g—j). In this case, FeB44 is the most frequent steel class, having a 22% frequency
within the sample considered, followed by ALE (mild steel) with 15% and ALE (high-
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strength steel) with 13%. For completeness, Figure 9h—j report a further partitioning
between data sources (design nominal values, acceptance certificates, and in situ tests). In
particular, Figure 9h depicts the design nominal values (338 records), confirming that FeB44
and ALE (mild steel) (both comprising 17%) are the most frequent steel classes within the
sample considered. The sample containing the data obtained from acceptance certificates
is limited (13 records), and the FeB44 steel class is the only one present, referring to the
piers (Figure 9i). Finally, as for the in situ test values, also in this case, the sample is limited
(23 records). The steel classes present in this sub-sample are plotted in Figure 9j, where the
FeB44 (52%) and ALE (22%) steel classes are mainly derived from piers.

Finally, Figure 10 reports the average yielding strength and coefficient of variation
(CV) of the steel tensile strength measured from acceptance certificates (Figure 10a) and in
situ tests (Figure 10b) and considering all elements. Again, from acceptance certificates,
data are available only for FeB44 steel, providing an average yielding strength of 508 MPa,
with a CV of 7%. Meanwhile, in the case of in situ tests, the average yielding strength is
available for FeB44, ALE, Aq. 60, and Aq. 50-60, where the highest CV is obtained in the
case of ALE, with 8%. Note that in the cases of Aq. 60 and Aq. 50-60, the CV is NA.
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Figure 9. Cont.
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Figure 9. Reinforcing steel classes breakdown obtained for (a) beams; (b) cross-beams; (c) piers;
(d) abutments; (e) foundations; (f) slabs; (g) all structural elements; (h) all structural elements (only
design nominal values); (i) all structural elements (only acceptance certificates); and (j) all structural
elements (only in situ tests).
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Figure 10. Average yielding strength and CV of reinforcing steel for all structural elements derived
from (a) acceptance certificates; (b) in situ tests.
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4.2. Concrete

A sample of a total of 282 records referring to concrete class is obtained (including
all structural elements), where the available data sources are design nominal values (92%
(259 records)), acceptance certificates (3% (8 records)), and in situ tests (5% (15 records),
conducted within recent experimental campaigns).

In the Figure 11a—f plot, for each structural element, the concrete classes are found,
including all data sources. In more detail, as for beams (41 records), the most recurrent
class found is R400 (with a compressive strength of R = 40 MPa), with 32% (Figure 11a).
Meanwhile, R300 (with a compressive strength of Ry = 30 MPa) is the most recurrent class
for cross-beams (30 records), piers (39 records), and slabs (32 records), with frequencies
of 30%, 46%, and 28% for cross-beams, piers, and slabs, respectively (Figure 11b,c,f).
For abutments (45 records) and foundations (38 records), the concrete class R250 (with
a compressive strength of Ry = 25 MPa) has the highest percentage, with, respectively,
frequencies of 38% and 47% (Figure 11d—e). Note that R250, R300, and R400 are concrete
classes used before the Ministerial Degree of 30 May 1972, no. 190 [32].

Figure 11g illustrates the concrete class frequency by considering a sample comprising
all structural elements and including all data sources (282 records). In this case, R300 results
as the most frequent class, with 28%, followed by R250, with 20%. A further partitioning
between data sources, i.e., design nominal values, acceptance certificates, and in situ tests,
is reported in Figure 11h—j. In particular, Figure 11h depicts the design nominal values
(259 records), confirming that R300 (28%) and R250 (20%) are the most frequent concrete
classes within the sample considered, mainly used for cross-beams, piers, and slabs. The
data obtained from acceptance certificates are limited (eight records), resulting in R400
(50%) as the most recurrent concrete class applied for beams (Figure 11i). Few data are also
found in the case of in situ tests (15 records). In Figure 11j, it is possible to note that R400
(67%) and R300 (33%) are the most recurrent concrete classes, mainly applied for piers.

Finally, Figure 12 plots the average compressive strength and the CV calculated for
the data found within acceptance certificates (Figure 12a) and in situ tests (Figure 12b).
In this case, the cylindrical compressive strength is considered. As one may note, the
average compressive strengths are compatible with the nominal values, resulting as not
being widely dispersed. The CV is less than 12% for acceptance certificates and less than
29% for in situ tests.
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Figure 11. Cont.
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Figure 11. Concrete class breakdown obtained for (a) beams; (b) cross-beams; (c) piers; (d) abutments;
(e) foundations; (f) slabs; (g) all structural elements; (h) all structural elements (only design nominal
values); (i) all structural elements (only acceptance certificates); and (j) all structural elements (only
in situ tests).
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Figure 12. Average compressive strength and CV of concrete for all structural elements derived from
(a) acceptance certificates; (b) in situ tests.

4.3. Prestressing Steel

As for prestressing steel, a sample consisting of a total of 3918 records is obtained, with
2.8% of data collected from design nominal values (111 records); 96.7% from acceptance
certificates (3789 records) issued in the years 1985-2003 and referring to prestressing steel
provided by 10 producers, of which the application is unknown; and 0.5% from in situ tests
(18 records) conducted within recent experimental campaigns through detensioning tests.

Figure 13 illustrates the distribution of different types of prestressing steel elements,
such as strands, braids, wires, cables, and bars, within the sample considered. Specifically,
Figure 13a-d report the percentages for each structural element. For all structural elements
examined, namely, beams (88 records), cross-beams (27 records), slabs (3 records), and
structural elements (not available) (3788 records), strands emerge as the most frequently
used prestressing elements. These typically have a design nominal tensile strength of
fptk = 1860 MPa, and occur with frequencies of 43%, 37%, 67%, and 55%, respectively.

Meanwhile, Figure 13e analyzes the prestressing steel percentages referring to a sample
of 3918 records, where all the structural elements are included. Also in this case, strands are
the most frequent elements for prestressing, with a percentage of 55%. Figure 13f-h show
the results obtained by partitioning this sample between data sources (design nominal
values, acceptance certificates, and in situ tests). In particular, Figure 13f confirms that
strands (43%) are the most recurrent elements found within nominal values and are mainly
used for beams (111 records). The same result is found when acceptance certificates are
considered as the data source (Figure 13g), with a 55% percentage (3789 records). On the
contrary, in the case of in situ tests (18 records), the most recurrent values refer to cables,
with 72%.
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Figure 13. Prestressing steel class breakdown obtained for (a) beams; (b) cross-beams; (c) slabs;
(d) structural elements (not available); (e) all structural elements; (f) all structural elements (only
design nominal values); (g) all structural elements (only acceptance certificates); and (h) all structural
elements (only in situ tests).
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It is interesting, also for this material, to plot the average tensile strength and the re-
lated CV by examining the available values derived from acceptance certificates (Figure 14a)
and in situ tests (Figure 14b), including all elements. The average values found are compat-
ible with the values of the prestressing elements analyzed, with CVs of less than 4% for
acceptance certificates and less than 3% for in situ tests.
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Figure 14. Average tensile strength and CV of prestressing steel for all structural elements derived
from (a) acceptance certificates; (b) in situ tests.

5. Statistical Analysis of Data
5.1. Goodness-of-Fit Tests

Goodness-of-fit tests of a statistical model describe how well a set of observations
(a set of x-values) agrees with a given population distribution by measuring the level of
consistency or discrepancy [33]. The statistical hypothesis test checks if a given hypothesis,
named the null hypothesis (Hy), fails to be rejected.

In order to verify if a variable is statistically significant, it is necessary to choose a
significance level (a), typically 1% or 5%, to determine the area of acceptance and rejection
in a statistical hypothesis test. Specifically, « determines the probability of committing a
type L error, i.e., of rejecting the null hypothesis (Hp) when, in fact, it is really true. Then, a
p-value is involved in order to determine whether to reject the null hypothesis. If it falls
within the acceptance range, then the null hypothesis (Hp) cannot be rejected, and the result
is said to be not statistically significant (NSS). On the contrary, if the p-value falls within the
rejection area, then the test is rejected, and the result is considered statistically significant
(SS) [33].
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In this study, starting from the material strength data archived within the database,
goodness-of-fit tests are performed, considering either values gathered from acceptance
certificates or from in situ tests. In particular, two goodness-of-fit tests for normal distribu-
tions are used: the Shapiro-Wilk [34,35] and D’Agostino-Pearson [36] tests. A comparison
between various tests may be found in [34]. Tests are performed only for those variables
having a significant number of data points.

The Shapiro-Wilk test is considered one of the most powerful tests of normality,
generally used for variables having a data numerosity greater than three. It is important
to note that this test assumes the variable’s data are unique, and, thus, without identical
values, presuming a continuous distribution composed of ordered data. The test verifies
distribution normality by dividing the square of an appropriate sample linear combination
by the usual symmetric estimate of the variance [35], detailed as follows:

(E?:l A X (i) ) ’
W=~ 1)
Y (xi—n)
where W is the Shapiro-Wilk statistic; 4; is a coefficient calculated as a function of the
theoretical normal distribution, depending on the number of observations X(i); and x; and
u represent the i-th ordered value of the observed sample and the mean value, respectively.
If the data distribution is normal, then W is close to 1.

The D’ Agostino—-Pearson test represents another versatile and powerful tool, especially
if the sample size is greater than eight data. Moreover, in this test, identical data (ties)
can be considered too. The D’ Agostino—Pearson statistic assesses distribution normality
through the Omnibus test [36,37]. This test detects deviations from normality due to either
skewness (1/by) or kurtosis (b;). To approximate a normal distribution, \/b; and b, are
transformed into standardized normal deviates (Z).

The D’ Agostino-Pearson statistic (K?) is given by the following equation:

K2 =72 (Vbr) + Z2(bs) 2)

where Z2(1/b1) and Z?(b,) are the normal approximations of skewness (v/b1) and kurtosis
(bo). The K? statistic has approximately a chi-squared (x?) distribution with two degrees of
freedom when the population is normally distributed.

5.2. Test Results

Goodness-of-fit tests are conducted in order to determine how well specific probability
density functions fit the measured data of material strength. In particular, the variables
identified consist of data available in the database, which are broken down by material
(reinforcing steel, concrete, and prestressing steel); data source (acceptance certificates and
in situ tests); structural element; and declared strength class.

For the data of each variable, the Shapiro-Wilk test is performed at first. In doing so,
the statistical indicators describing the characteristics of a distribution are identified, such
as the central tendency (mean and median), dispersion (CV), and shape (skewness and
kurtosis). They are calculated according to the formulations reported in Table 2 [38,39].

Then, the distribution normality test is carried out by removing, if present, the outliers.
Table 3 summarizes the statistical indicators calculated for all the considered variables. For
completeness, Figures 15-18 plot the mean values and CVs of all the variables indicated in
Table 3.
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Table 2. Formulations of statistical indicators of variables.

Statistical Indicator Formulation
n
Mean u %‘21 X;
1=
Standard deviation ¢ (ki)
n
Coefficient of variation (CV) %
3
Skewness (Fisher—Pearson) n i (xi - V)
(== 5\ o 2
Kurtosis (Fisher—Pearson) n(n+1) i (xi - P‘) _ 3(n—1)
(n-1n-2)(n-3)i5\ ¢ (n—-2)(n-3)
Table 3. Statistical indicators of variables.
. Data Structural No. of Mean Median Ccv .
Material Source Element Class Data [Mpal [Mpal (%] Skewness  Kurtosis
Piers FeB44 4 480.00 482.00 2.00 —1.015 0.578
) ) Acceptance Deck b
Reinforcing  certificates 2 POX FeB44 9 521.11 51200 655 0.646 0.146
steel girders
In situ tests Beams FeB44 5 451.26 457.50 2.32 —0.561 —3.255
Concrete In situ tests Piers R300 3 21.75 21.17 494 1.725 /
Bars 1050 107 1095.00 1095.86 0.65 —0.356 —0.598
Braids 1860 155 1919.48 1916.72 1.14 0.044 0.101
Braids 1900 53 1951.71 1947.36 1.67 0.665 —0.024
Strands 1820 10 1883.03 1871.11 2.25 —0.094 —1.455
Prestressing  Acceptance NA
steel certificates Strands 1860 550 1907.55 1909.26 1.07 —0.181 —0.111
Strands 1960 6 1990.93 1994.28 0.48 —0.250 —1.128
Wires 1570 143 1642.39 1643.39 1.74 —0.002 —0.379
Wires 1620 68 1687.11 1687.97 1.41 0.099 1.038
Wires 1670 6 1699.85 1694.76 0.55 0.954 —1.744
Reinforcing steel - Acceptance certificates Reinforcing steel - Acceptance certificates
600 7%
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2300 B
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220 o
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Figure 15. Strengths of reinforcing steel derived from acceptance certificates: (a) mean values; (b) CVs.



Infrastructures 2025, 10, 203

18 of 23
Reinforcing steel - In situ tests Reinforcing steel - In situ tests
600 7%
=500 6%
o] 0
Z 400 %
@ 40/0
£ 300 5
> 3%
=
g 200 29
= 100 1%
0 0%
Beams Beams
FeB44 FeB44
(a) (b)
Figure 16. Strengths of reinforcing steel derived from in situ tests: (a) mean values; (b) CVs.
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Figure 17. Strengths of concrete derived from in situ tests: (a) mean values; (b) CVs.
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Figure 18. Strengths of prestressing steel derived from acceptance certificates: (a) mean values;
(b) CVs.

In this study, normality tests are carried out by referring to a significance level « equal
1%. It should be noted that, due to the limited number of values, in the case of concrete, it
is possible to conduct a goodness-of-fit test only for pier concrete, where the log-normality
tests are applied by considering the logarithmic values of the variable.

Table 4 presents the results of the Shapiro-Wilk test applied to the variables with more
than three data. It can be observed that several of the examined variables are classified
as NSS. As a result, the assumption of normality cannot be rejected for reinforcing and
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prestressing steel. Conversely, for concrete piers, the data appear to be better represented
by a log-normal distribution, which also cannot be rejected based on the test results.

Moreover, the Shapiro-Wilk test provides three SS variables, and, therefore, the as-
sumption of a normal distribution may be rejected. These three variables of prestressing
steel, corresponding to Bars 1050, Braids 1860, and Strands 1860, have many data (107,
159, and 550, respectively), including identical values. For this reason, in these cases, the
D’Agostino—Pearson test is alternatively conducted. It permits us to improve the statistical
power, carrying out a goodness-of-fit test where several repetitions (ties) are present. The
D’Agostino—Pearson test results are shown in Table 5. As one may note, if data repetitions
are properly considered, the Bars 1050, Braids 1860, and Strands 1860 data are also NSS,
and, therefore, the normal distribution assumption may not be rejected.

Table 4. Results of Shapiro-Wilk test. a = 0.01.

. Data Structural No. of . g et e
Material Source Element Class Data w p-Value Significance = Distribution
Piers FeB44 4 0.942 0.6668 NSS Normal
) ) Acceptance b
Reinforcing certificates D¢k box FeB44 9 0.959 0.7911 NSS Normal
steel girders
In situ tests Beams FeB44 5 0.765 0.0406 NSS Normal
Concrete In situ tests Piers R300 3 0.777 0.0603 NSS Log-normal
Bars 1050 107 0.946 0.0003 SS Not normal
Braids 1860 155 0.976 0.0091 SS Not normal
Braids 1900 53 0.940 0.0102 NSS Normal
Strands 1820 10 0.856 0.0687 NSS Normal
Prestressing  Acceptance NA
steel certificates Strands 1860 550 0.992 0.0031 SS Not normal
Strands 1960 6 0.849 0.1553 NSS Normal
Wires 1570 143 0.989 0.2943 NSS Normal
Wires 1620 68 0.973 0.1422 NSS Normal
Wires 1670 6 0.734 0.0139 NSS Normal
Table 5. Results of D’ Agostino—Pearson test. « = 0.01.
No.
Material Data Structural Class of K? p-Value Significance Distribution
Source Element
Data
Bars 1050 107 5.088 0.0785 NSS Normal
Prestressing  Acceptance NA 3 I
steel certificates Braids 1860 155 0.231 0.8909 NSS Norma
Strands 1860 550 3.246 0.1973 NSS Normal

As examples, Figure 19 shows data quantiles versus theoretical quantiles, usually
indicated as Q—Q plots, in order to graphically evaluate whether the variables’ data follow
a normal distribution. In particular, these diagrams refer to Bars 1050 (Figure 19a), Braids
1860 (Figure 19b), and Strands 1860 (Figure 19c). All the Q-Q plots considered follow a
linear trend, confirming that the normal distribution assumption may not be rejected, as
obtained with the goodness-of-fit tests.
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Figure 19. Q-Q plot of data quantiles vs. theoretical quantiles for prestressing steel variables: (a) Bars
1050; (b) Braids 1860; and (c) Strands 1860.

6. Discussion

Based on the collected data, the statistical analysis conducted highlights some remark-
able results that are worth emphasizing. It is important to note that data completeness
varied significantly across the sample. For many bridges, material strength data were not
available for all structural elements, for all materials considered, or across all data sources
(i.e., design values, certificates, and test results).

Within the database, bridges featuring post-tensioned concrete box girders (post-TCBs)
represent the most common typology, accounting for 78% of the sample. These typically
employ strands as prestressing steel elements. Regarding the material strength data, the
majority of values for steel reinforcing bars (90%) and concrete (92%) are design nominal
values extracted from the original design documentation. In contrast, the strength values for
prestressing steel are predominantly derived from acceptance certificates (96.7%), mainly
issued by the Materials Testing Laboratory at Politecnico di Milano. However, the specific
steel types and their final applications are not always clearly identified.

Goodness-of-fit tests were performed on both acceptance values and in situ test results.
The tests did not reject the hypothesis of a normal distribution for steel reinforcing bars
and prestressing steel or a log-normal distribution for concrete. These tests were applied
only to variables with a sufficiently large dataset to ensure their statistical significance.

7. Conclusions and Future Development

The presented database compiles information on the mechanical properties of steel
reinforcing bars, concrete, and prestressing steel used in the construction of about 170 exist-
ing Italian PC bridges, built between 1960 and 2000. The data were sourced from a variety
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of documents, such as design nominal values, acceptance certificates, and in situ test results,
all retrieved from the original design documentation of each bridge considered.

Due to the heterogeneity of the design documents available, not all consulted documen-
tation provided identical information. This very often led to significant data inconsistency,
not just between different bridges but even within the same bridge. This issue was also
observed in the case of more recently constructed bridges.

This database is one of the first systematic efforts to catalog and statistically analyze the
material strengths of existing prestressed concrete bridges in Italy. The database is publicly
available at [https:/ /www.consorziofabre.it/progetti-di-ricerca/safoteb /] (accessed on
1 August 2025) and is intended as a valuable resource for researchers and practitioners
involved in the assessment of existing bridges. It can be used as a reference for simulated
design scenarios or as a verification tool in cases where limited knowledge is available.

In the future, the initial strength values of available materials may be compared with
current measurements obtained through in situ testing. This comparison would enable
correlations between strength reductions and present degradation conditions, such as
reinforcing steel corrosion or concrete deterioration. Moreover, releases and expansions of
the dataset may also be developed by other research groups, fostering collaboration and
continuous improvement in this engineering field.
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Abbreviations

The following abbreviations were used in this manuscript:

PCBs Prestressed Concrete Beams
WP Work Package

Pre-TCBs Pre-Tensioned Concrete Beams
Post-TCBs  Post-Tensioned Concrete Beams

PC Prestressed Concrete

RC Reinforced Concrete

NA Not Available

Ccv Coefficient of Variation
NSS Not Statistically Significant
SS Statistically Significant
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