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bearings or seismic isolators. Additionally, between the 
support devices and the pier crossheads, reinforced concrete 
elements are placed in the form of prismatic blocks (pedes-
tals). These blocks enable the deck to achieve the desired 
transverse slope and transfer the upper girder loads to the 
deep beams below.

In steel girders pedestals can be made of concrete or steel 
and their role in countering seismic effects was investigated 
in [1], while the failure modes according to the type of bear-
ing support were considered in [2] and [3]. Figure 2 presents 
pictures of pedestals with different configurations, corre-
sponding to common types of bridge decks, showing the 
position and function of pedestals as intermediate connect-
ing elements between bearing supports and deep beams of 
substructure [4]. Figure 2a and b show pedestals of varying 
heights that are used to achieve the transverse slope required 
for the proper positioning of bearing supports. Figure 2c and 
d depict elastomeric bearings located between pedestals and 
girders.

From a structural point of view, pedestals are typically 
monolithic elements predominantly constructed from 

1  Introduction

The deck of a viaduct consists of several structural com-
ponents (see Fig. 1). These include girders made of either 
reinforced concrete (RC) or prestressed reinforced concrete 
(PRC) beams and slabs. The piers often present bent caps 
(or abutment-top beams), which are deep beams located at 
the top of the substructures. Pier crossheads, which support 
the girders and host the bearings of each deck element, are 
placed transversely to the bridge centerline. Between the 
beams and the piers, there are support devices that can be 
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Abstract
The behavior of concrete pedestals for the transmission of loads from bridge deck to substructure is investigated till fail-
ure. An experimental campaign with 24 prismatic pedestals tested in compression was carried out with different heights/
width ratios and percentages of steel reinforcement at the bottom edge. Corrosion of the lower reinforcements was induced 
to simulate the behavior of pedestals of existing bridges, by placing specimens in a tank with sodium chloride producing a 
pitting attack. The effective potential measurements, the tensile tests on the reinforcing bars (corroded and non-corroded) 
and the compressive tests on the pedestals show that the compressive strength of these elements is governed mainly by the 
geometric properties, but it is not significantly affected by the corrosion of the lower bars. Analytical models for strength 
assessment have to be diversified by considering plate type, and punched-governed or classic strut-and-tie models depend-
ing on the actual behavior at failure. The results show that the reduction in strength by corrosion is more evident in the 
lower specimens, with a reduction of the ultimate load of about 12%. The strut-and-tie model can be used effectively 
for heights equal to or greater than the element width, taking into account the variation of stress fields for tall pedestals, 
while punching and flexural models are more reliable for lower pedestals. Numerical FE models with nonlinear analyses 
confirm the results obtained with experimental tests and analytical methods.
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high-strength reinforced concrete, often exceeding the 
strength of piers. Their primary function, as previously men-
tioned, includes establishing support surfaces for restraint 
devices, creating varying levels for bearing placements on 
each beam, accommodating clamps or bars to secure sup-
port devices on crossbeams, and compensating for construc-
tion errors.

Loads transmitted from the deck to the pedestals through 
the supports are mainly vertical forces (centered or eccen-
tric) from dead and live loads, as well as horizontal forces 
resulting from short-term effects such as earthquakes, brak-
ing, moving loads, and temperature fluctuations, along with 
long-term effects like creep and shrinkage.

Pedestals are generally cast in a subsequent phase after 
the construction of piers, bent caps, and abutments, requir-
ing careful execution due to their critical role. In some 
cases, high-quality rheoplastic mortars are employed to 
ensure precise leveling of bearing supports and minimize 
local shrinkage effects. Their height varies from a few cen-
timeters to over 50 cm, or sometimes more, and they typi-
cally house bearing devices at their tops, often composed of 
elastomeric pads capable of transferring both vertical and 
horizontal loads avoiding localized failures in substructures. 
Figure 3 illustrates a cross-section of a pedestal with typical 
reinforcement layouts.

To withstand the stress induced by the supported girder, 
a reinforcing cage with multiple layers of steel reinforce-
ments is often adopted. Typically, the most critical layer is 
positioned at the bottom of the cage, as it bears the highest 
transverse tension resulting from axial compression exerted 
by the bearings. Additionally, to address horizontal forces, 
connection brackets or studs are often embedded in the deep 
beams, specifically designed to resist pure shear.

An evaluation of the behavior of concrete pedestals under 
compressive loads is reported in [5] and [6], emphasizing 
the local failure of these concrete blocks with loads acting 
on reduced areas. The reinforcement arrangement and the 
confinement effect in concrete pedestals was investigated in 
[7] comparing the failure of unreinforced blocks with those 
reinforced only laterally, but the contribution of high quanti-
ties of bottom reinforcement was not considered.

In many bridges, the degradation of steel reinforcement 
due to corrosion, often caused by concrete carbonation 
or chloride attack, leads to a reduction in reinforcement 
area and the consequences on the structural behavior can 
be significantly increased if degradation affects squat 

Fig. 2  Examples of support beams for reinforced concrete bridge 
beams. a and b Pedestals with different heights for transverse slope; c 
and d pedestals under elastomeric bearings with different width/depth 
ratios

 

Pier crossheads

Fig. 1  Concrete pedestals for 
bridge girder bearings
 

1 3



International Journal of Civil Engineering

elements and disturbed regions, such as half-joints [8–9]. 

This deterioration is compounded by the formation of split 
cracks on pedestal faces, resulting from the expansion of 
corroded bars. These issues jointly could diminish the load-
bearing capacity of pedestals, particularly when cracking 
affects areas under compression and the confinement rein-
forcements are so degraded that they are no longer effective. 
This situation may also arise directly from the maintenance 
conditions and from the state of the upper bearings, as well 
as from the modality of load transfer from the girder to the 
pier or abutment crosshead, as noted by inspections of exist-
ing bridges [10].

Figure 4 illustrates several instances of pedestal dam-
age caused by corroded reinforcing bars (see Fig. 4a, c), 
improper sizing (see Fig. 4b), or incorrect positioning and 
insufficient reinforcement with resistance entrusted only to 
high-strength mortar (see Fig. 4d). These issues can make 
the viaduct non-operational, reaching a Service Limit State, 
and in severe cases, they can cause significant damage to 
the superstructures, with loss of support, unexpected bear-
ing settlements or sudden rotations till Ultimate Limit State 
[11]. It can be observed that, in most cases, draining water 

Fig. 4  Examples of corrosion degradation of pedestals

 

Plan pedestal Seismic restraint associated to

bearing support on pedestal
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Fig. 3  Typical reinforcement 
arrangements of pedestals. a 
Drawings of bearing supports with 
pedestals and seismic restraints on 
a pier or abutment; b plan view 
of pedestal with typical reinforce-
ment arrangement; c side view of 
reinforcement arrangement
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models like strut-and-tie ones, which require experimental 
validation as geometric properties vary.

This study thus combines experimental testing, where the 
primary parameter varied is the ratio between the geometric 
properties of the concrete block, alongside the conditions of 
the lower main reinforcement, which may undergo corro-
sion, coupled with concrete deterioration due to ageing of the 
support element and rendering ineffective the confinement 
of reinforcement because of its absence or deterioration.

The following sections will outline the experimental 
campaign and interpret the results using appropriate strut-
and-tie models, which are differentiated based on the pre-
dominant mechanism observed. Finally, validation through 
Finite Element models and non-linear analyses is carried 
out.

2  Experimental Campaign

2.1  Specimen Description and Test Set-Up

The experimental research aimed to assess the mechani-
cal behavior of concrete pedestals, up to failure, in the 
absence or presence of corrosion of the bottom reinforce-
ment. In particular, 24 prismatic reinforced concrete ele-
ments were tested, all featuring a square base with a side 
length B = 400 mm and heights H = 200, 300, and 400 mm. 
The specimens were reinforced with 4 bars in the lower area 
in both the longitudinal and transverse directions, varying 
in diameter ϕ: 10 mm, 12 mm, 14 mm, and 16 mm. Table 1 
presents the identification code of the samples, the dimen-
sions of the pedestals, and the geometric and mechanical 
reinforcement ratios defined as ρ = Af

B·H and ω = ρ
fy

fc
, Af 

being the area of the steel bars, B and H the base and height 
of the pedestal, fc the cylindrical concrete strength and fy 
the yield stress of the bars. The choice of geometric ratios 
was made to achieve low pedestals with H/B = 0.5, medium 
pedestals with H/B = 0.75, and high pedestals with H/B = 1. 

from the deck damages the lateral surfaces of the pedes-
tal and, consequently, the confinement reinforcements, also 
causing spalling and deterioration of the concrete. In some 
cases, such as that shown in Fig. 4d, confidence is placed 
solely in high-strength mortars, creating low pedestals with-
out reinforcement, which can lead to sudden brittle failures 
of these elements through mechanisms similar to those stud-
ied in [7]. Conversely, when horizontal grid reinforcement 
is provided in the bottom edge of the pedestal, this is less 
exposed to corrosion and establishes a failure mechanism 
in which compressed concrete and lower steel in tension 
cooperate. This is the most common case and will be fur-
ther developed in the following sections, considering that 
the compressive forces are often accompanied by significant 
shear forces resulting from the horizontal forces transmitted 
to the block by the bearing devices and vertical studs [12].

This study investigates, both theoretically and experi-
mentally, the behavior of pedestals exposed to corrosion 
phenomena on the bottom reinforcement, focusing on 
the compressive response of these elements by varying 
the height/width ratio, that is by maintaining a fixed base 
dimension and a variable block height, with different per-
centages of reinforcement.

In fact, the compressive response of pedestals signifi-
cantly depends on geometric ratios, particularly height and 
reinforcement percentage. The choice of the specimens for 
the experimental investigation takes into account the most 
common properties of actual pedestals in existing concrete 
bridges and the literature studies about the size effect [13], 
in order to have reliable results of tests and useful results to 
be used for practice engineering applications. The predomi-
nant behavior is governed by the longitudinal and transverse 
strength mechanism established within the concrete block, 
where compressive stresses from the upper bearing support 
spread to the underside of the pedestal and subsequently to 
the substructure element (pier or abutment) hosting it. This 
mechanism can be effectively understood through structural 

Table 1  Geometrical properties of specimens
Specimen B (mm) H (mm) n. bars φ (mm) Af (mm2) ρ ω fy (MPa) fc (MPa)
1 400 200 4 10 314.0 0.003925 0.0340167 390 45
2 400 200 4 12 452.2 0.005652 0.048984 390 45
3 400 200 4 14 615.4 0.007693 0.0666727 390 45
4 400 200 4 16 803.8 0.010048 0.0870827 390 45
5 400 300 4 10 314.0 0.0026167 0.0226778 390 45
6 400 300 4 12 452.2 0.003768 0.032656 390 45
7 400 300 4 14 615.4 0.0051287 0.0444484 390 45
8 400 300 4 16 803.8 0.0066987 0.0580551 390 45
9 400 400 4 10 314.0 0.0019625 0.0170083 390 45
10 400 400 4 12 452.2 0.002826 0.024492 390 45
11 400 400 4 14 615.4 0.0038465 0.0333363 390 45
12 400 400 4 16 803.8 0.005024 0.0435413 390 45
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during the preceding 10-day exposure period. The trend of 
the corrosion potential was measured using a voltmeter, as 
depicted in Fig. 7a. This instrument allows for measurement 
of the electrical potential difference between two points in a 
circuit, referencing a Cu/CuSO4 (Copper/Copper Sulphate) 
electrode with a potential of 0.34  V vs. SHE (Standard 
Hydrogen Electrode). The unit of measurement is volts.

To ensure accurate potential measurements and avoid 
artifacts due to the presence of water in the solution, the 
potential values were measured on a sponge soaked in the 
solution, as recommended in [15] and compared directly 
with measurements taken in direct contact with the solution. 
The potential values were monitored periodically, ensuring 
that they fell below the corrosion initiation threshold of -0.5 
mV to confirm the onset of corrosion. As shown in Figs. 7b, 
c, and d, the measured potential values indicate that the cor-
rosion process of the reinforcing bars activated and propa-
gated over a period ranging from 30 to 60 days.

Obviously, artificially induced corrosion differs from 
natural corrosion, and the literature contains several stud-
ies correlating the two phenomena [16]. These studies also 
indicate the current density to be used in artificial corro-
sion (an accepted value is approximately 100 µA/cm²) to 
ensure that the characteristics at the concrete interface and 
the cracking patterns do not significantly differ from those 
observed in natural corrosion, although data and studies on 
natural corrosion are limited [17]. From this perspective, 
the chloride immersion tank method provides appreciable 
results [15], especially when the aim is to provide pitting 
rather than uniform corrosion. Reference to studies on cor-
rosion of reinforcements and its significance in term of 
strength and ductility or bond reduction can be found in the 
works of Andrade [18] or Imperatore et al. [19].

2.2  Mechanical Characterization of Materials

For the mechanical characterization of the materials, uni-
axial tensile tests on the reinforcing bars were carried out 
together with compression tests on cores extracted from 
pedestal samples. The compression tests on these cores sup-
plied strength values of 43 MPa, 45 MPa, and 47 MPa, aver-
aging fc = 45 MPa.

Additionally, two corroded and two non-corroded steel 
bars were tested, with diameters of 12 mm and 14 mm for 
each type. These bars were extracted from specimens not 
used for structural testing.

Table 2 supplies the mechanical properties of the bars. 
Here, dnom​ denotes the equivalent diameter of the bar, A rep-
resents its cross-sectional area, fy​ and fu​ indicate the yielding 
and ultimate stresses respectively, while εg​ signifies the cor-
responding strain at failure. It was found that the reduction 

Regarding the reinforcements, the range investigated 
included total lower reinforcement percentages in both 
directions (2ρ) from 0.4% to 2%, which appeared represen-
tative of the most common situations for lightly or heavily 
reinforced blocks.

Figure 5 depicts a construction phase of the samples, 
illustrating the reinforcements arranged in the two orthogo-
nal horizontal directions. The ends of the reinforcements 
with different diameters are hooked to prevent failures due 
to bond loss.

To induce artificial corrosion through chloride exposure 
(which can cause pitting rather than uniform corrosion along 
the bars), the pedestals were immersed, as shown in Fig. 6, 
in a solution of water and sodium chloride (35 g per liter) 
for a duration of 270 days. Figure 6a illustrates the tanks 
utilized to submerge the specimens in a saline solution, thus 
facilitating the corrosion process. This procedure aimed to 
simulate corrosion conditions similar to those experienced 
by structures exposed to marine environments and shown in 
Fig. 6b, following methods described in the literature, such 
as by Yohai et al. [14]. The use of sodium chloride induces 
a localized pitting effect that reduces the effective cross-
sectional area of the reinforcing bars.

Before immersing the specimens and measuring the 
corrosion potential, the exposed steel bars were properly 
cleaned to remove any surface rust that may have formed 

Fig. 6  Corrosion of reinforcement. a Specimens in the tank of water 
solution with sodium chloride; b pitting corrosion of reinforcing bars 
due to chloride attack

 

Fig. 5  Construction phase of samples
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The test results on the bars from the experimental cam-
paign are consistent with the database provided by Impera-
tore et al. [19], which reports a maximum strength reduction 
between 5% and 10% for the aforementioned mass loss due 
to corrosion. These results for the steel bars influence the 
global behavior of the pedestal, as will be seen later, where 
an increase in localized stress due to pitting does not signifi-
cantly reduce the overall load-bearing capacity of the ped-
estal, because the reduction of steel mechanical properties 
is limited.

2.3  Compressive Tests on Pedestals

This section presents experimental results from cen-
tered compression tests conducted on samples with vary-
ing reinforcement quantities and corrosion levels. Each 

in area (and consequently in corresponding mass) of the cor-
roded bars ranges between 3% and 7%.

Figure 8 shows the results relating to the tests carried out 
on corroded and non-corroded bars with a diameter of 12 
and 14 mm. Based on the results obtained, it is possible to 
observe that the corrosion of the bar led to a very limited 
reduction in yielding stress and ultimate stress and a small 
reduction of ductility of about 5% only in the bar with dnom 
= 12 mm, which was also the most corroded one with mass 
loss of 7%.

Table 2  Results of tensile tests on steel bars
Specimen dnom [mm] A [mm2] fy [MPa] ft [MPa] εg [%]
FE12NC 12 113 400 429 11
FE12C 12 109 380 408 10
FE14NC 14 154 400 465 13
FE14C 14 152 397 467 13
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Fig. 7  Corrosion procedure. a Sample in the tank and measure of potential. Average potential value for beams with height: b 200 c 300 and d 
400 mm
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footprint area reduction compared to the block, a topic 
widely discussed in the literature [20, 21].

For the compression tests on the pedestals, a Zwick/Roell 
& Toni Technik servo-hydraulic testing machine (Fig.  9) 
was used, with a maximum capacity of 4000 kN. The lower 
crosshead consists of a cylindrical piston with a maximum 
stroke of 10  cm and a minimum displacement speed of 
0.1 mm/mm. The 4000 kN load cell is connected to it. When 
the lower crosshead moves upwards, it allows the load to be 

individual element underwent a centered compression test, 
during which crack patterns and relative displacements 
were recorded at each load increment. To ensure uniform 
load distribution, a steel plate measuring 80 × 80 × 20  mm 
was placed between the machine and each tested specimen, 
as depicted in Fig. 9.

This loading method was chosen to simulate the foot-
print area of a bearing support related to the overall area 
of the pedestal, thereby assessing the influence of the load 

a

b

Non-corroded bar

Corroded bar

Non-corroded barCorroded bar

Fig. 8  Comparison of stress-strain 
diagrams of reinforcing bars with 
and without corrosion for diam-
eters: a 12 mm, b 14 mm
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to establish the relationship between the ultimate load Pu​ of 
each specimen and the theoretical maximum load Pmax​, and 
also to determine the maximum shortening values.

Figure 10 presents the test results for specimens with 
heights H of 200, 300 and 400  mm. The displacements 
recorded by the testing machine were adjusted to remove 
localized effects from the load plate punching on the speci-
men, ensuring accurate measurement and linear distribution 
proportional to the machine-recorded displacements.

The specimens with a height of 200 mm exhibits plate-
like behavior, with failure occurring through an intermediate 
mechanism between bending and punching, as illustrated in 
Fig. 11a). This is evident in the specimen reinforced with 
10-mm bars, where four distinct independent overhangs 
occur. Similar behavior was observed in specimens rein-
forced with 12-mm, 14-mm, and 16-mm bars maintaining 
the same height.

In contrast, specimens with a height of 300 mm (Fig. 11b) 
exhibited failure through the activation of a truss mecha-
nism, following a classical strut-and-tie behavior, regardless 
of the type of reinforcement used.

For all specimens with a height of 400 mm (Fig. 11c), 
failure occurred due to the development of vertical split 
cracks, following the classic mechanism of compressed dif-
fusive regions.

2.4  Pedestals with Corroded Reinforcements

Table  4 provides the values of loads, displacements, and 
strains for the corroded specimens. Figure  12 illustrates 
the results obtained for beams with heights H = 200, 300, 
and 400  mm, all with corroded reinforcement. Similar to 
the findings with non-corroded reinforcement, the failure 
modes remained consistent with the mechanisms observed 
in specimens of different heights.

In the presence of corrosion, a slight reduction in strength 
was observed. However, the authors suggest that this reduc-
tion may not be solely attributable to corrosion but could 

applied. In displacement control tests, displacement is man-
aged by the machine’s piston, which is equipped with an 
external transducer with a maximum stroke of 20 mm and 
a minimum speed of 0.01 mm/mm. For displacement con-
trol tests, external transducers are also used, which can be 
directly applied to the test specimen and have a maximum 
stroke of 20 mm.

Table 3 displays the ultimate loads for each tested speci-
men, the corresponding shortening values, and the result-
ing strain values. Strain was calculated as the ratio of 
displacement measured by the testing machine (adjusted 
for load plate sinking proportional to the applied load) at 
the height of the block. The maximum load-bearing capac-
ity of the pedestals, considering the entire loaded area, was 
calculated using the concrete strength (fc=45 MPa) and an 
indentation area of 400 × 400 mm, resulting in Pmax=7200 
kN. Conversely, the minimum load-bearing capacity of the 
pedestals, relevant to the smaller loaded area under the plate 
(80 × 80 mm), was calculated as Pmin=288 kN.

Additionally, Table 3 includes strain (ε) values and corre-
sponding displacements (δ). These results make it possible 

Table 3  Peak load of uncorroded specimens
Specimen B (mm) H (mm) Af (mm2) Pu (kN) δ (mm) ε Pu/Pmax Pmax (kN) Pmin (kN)
1 400 200 314.00 1178 0.26 0.0013 0.1636111 7200 288
2 400 200 452.16 1247 0.28 0.0014 0.1731944 7200 288
3 400 200 615.44 1350 0.23 0.00115 0.1875 7200 288
4 400 200 803.84 1679 0.31 0.00155 0.2331944 7200 288
5 400 300 314.00 1117 0.27 0.0009 0.1551389 7200 288
6 400 300 452.16 1002 0.28 0.0009333 0.1391667 7200 288
7 400 300 615.44 1197 0.15 0.0005 0.16625 7200 288
8 400 300 803.84 1248 0.25 0.0008333 0.1733333 7200 288
9 400 400 314.00 1135 0.11 0.000275 0.1576389 7200 288
10 400 400 452.16 928 0.46 0.00115 0.1288889 7200 288
11 400 400 615.44 1283 0.17 0.000425 0.1781944 7200 288
12 400 400 803.84 958 0.24 0.0006 0.1330556 7200 288

Fig. 9  Test set-up for compressive tests on pedestal

 

1 3



International Journal of Civil Engineering

significant reduction in strength. However, there was an 
increase in shortening at peak load, which may be attributed 
to concrete cracking and interface effects between steel bars 
and the surrounding concrete induced by corrosion.

Table 5 shows a comparison of peak loads of the pedes-
tal specimens without corrosion and with corrosion of the 

also be influenced by variability in concrete strength, with 
the contribution of corrosion not being prominently evident.

Finally, Fig.  13 presents a comparison between non-
corroded and corroded pedestal specimens. Each curve 
represents the average of three specimens for each series 
investigated. The comparison indicates that, at the stage 
investigated, the effects of corrosion did not lead to a 

Fig. 11  Failure modes of pedestals with different heights: a 200, b 300, c 400 mm
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Fig. 10  Compressive tests on uncorroded specimens with height: a 200, b 300, c 400 mm
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Therefore, the results indicate that lower specimens carry 
a higher load, and excessive pedestal heights could lead to 
a reduction in ultimate load. Meanwhile, corrosion of the 
lower bars has little influence on the final result, which 
appears to be more affected by the cracking mechanisms 
rather than the reduction in area due to bar corrosion, espe-
cially when major reductions are registered in a few samples.

lower bars. An average reduction in peak load of approxi-
mately 12% is observed.

From what has been observed and deduced from the 
results, the effect of corrosion on the peak load is not influ-
enced by the height of the pedestal. Consequently, the same 
variation in ultimate load observed with different heights 
is registered for specimens with corroded reinforcement. 

Table 4  Peak load for corroded specimens
Specimen B (mm) H (mm) Af (mm2) Pu (kN) δ (mm) ε Pu/Pmax
1 400 200 314.0 1079 0.31 0.00155 0.149861
2 400 200 452.0 1219 0.31 0.00155 0.169306
3 400 200 615.0 1266 0.16 0.0008 0.175833
4 400 200 802.8 1440 0.29 0.00145 0.2
5 400 300 314.0 1027 0.25 0.000833 0.142639
6 400 300 452.0 954 0.3 0.001 0.1325
7 400 300 615.0 1100 0.26 0.000867 0.152778
8 400 300 802.8 837 0.27 0.0009 0.11625
9 400 400 314.0 827 0.19 0.000475 0.114861
10 400 400 452.0 845 0.15 0.000375 0.117361
11 400 400 615.0 1040 0.2 0.0005 0.144444
12 400 400 802.8 957 0.23 0.000575 0.132917
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Fig. 12  Compressive tests on corroded pedestals with height: a 200, b 300, c 400 mm
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3  Analytical Model

Several strut-and-tie models available in the literature [25–
27] can be used to calculate the cracking forces T related to 
the applied load P for squat elements subjected to concen-
trated forces on a small area with side b. One of the best-
known models is the Mörsch one, illustrated in Fig. 14 from 
Eurocode 2 [26]. This model distinguishes between partial 
discontinuity (Fig. 14a) and total discontinuity (Fig. 14b).

	– Partial Discontinuity (Fig. 14a): it occurs when half the 
height of the element is greater than the base, or when 
the height of the element is greater than the base.

	– Total Discontinuity (Fig. 14b): it occurs when half the 
height of the element is less than the base, or when the 
height of the element is less than the base.

With reference to the geometry of the struts in Fig.  14a, 
when B < H/2, the relation between the cracking force T and 
the applied load P is

P = 4 · T

1 − b
B

� (1)

where b is the loaded area and B the width of the element. If 
the cracking force is taken by the yielded steel bars, Eq. (1) 
becomes:

Py = 4 · Af · fy

1 − b
B

� (2)

where Af is the reinforcement area and fy the steel yield-
ing stress. In the case of a region of total discontinuity 
in Fig.  14b), the models were derived from the results of 

This result is independent of any effects of concrete con-
finement due to additional lateral reinforcement [22, 23]. It 
was decided to disregard this parameter to account for cases 
where corrosion of the lateral confinement reinforcement is 
significant and therefore its effect is negligible, but where 
concrete degradation occurs. Several authors have provided 
possible reduction coefficients for compressive stress based 
on the degree of concrete degradation [24, 25].

Table 5  Comparison of peak loads for non-corroded and corroded 
specimens
Specimen Peak load uncor-

roded [kN]
Peak load cor-
roded [kN]

Reduc-
tion of 
peak 
load

1 1178 1079 8%
2 1247 1219 2%
3 1350 1266 6%
4 1679 1440 14%
5 1117 1027 8%
6 1002 954 5%
7 1197 1100 8%
8 1248 837 33%
9 1135 827 27%
10 928 845 9%
11 1283 1040 19%
12 958 957 0%
Average reduction of peak load 12%

Fig. 13  Comparison of compressive tests for corroded and not cor-
roded pedestals with height: a 200, b 300, c 400 mm
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Py = d
B
2 − a

2
· 4 · Af · fy � (3)

where d is the effective depth and a = B/4. The punching 
strength is calculated here according to ACI 318 [27] with 
the following expression:

Pu,punching = 0.332
√

fc · 4 (b + d) · d� (4)

In the case in which H  = B the strut-and-tie model of Fig. 15b 
is assumed and the strength is equal to the minimum value 
between the one producing the yielding of the steel bars Py

Py = 8 · d

B − a
· Af · fy � (5)

and that producing the concrete crushing Pc:

Pc = 0.7fc · b · B · sin α� (6)

For H > B, assuming T = 0.5 · σct · B · (H − B) and 
σct = 0.1 fc, the value of Pc becomes:

Pc = 1.8 · 0.5 · 0.1 · fc · B · (H − B)(
1 − a

b

) � (7)

where a is the arm between the load P and the vertical com-
ponent of the strut compression (a = B/4).

Table 6 presents the ratios between the theoretical loads 
calculated using the aforementioned expressions and the 
failure loads determined from experimental tests.

The comparison shows that the most reliable models are 
the proposed strut-and-tie models, particularly those pre-
dicting failure on the concrete side, as well as the Mörsch 
model. The comparison also reveals that the punching model 
agrees well with the results for specimens with H/B = 0.75, 
whereas for tall pedestals, the strut-and-tie model provides 

elastic analyses conducted on two- or three-dimensional 
models. In this study, where the reinforcement of the ped-
estals is assumed to be concentrated in the lower part, it is 
possible to differentiate between a low pedestal (H < < B) 
exhibiting plate-like behavior, and a high pedestal (0.5B < H 
< B) exhibiting an intermediate behavior between the plate 
and the squat element. The reference model for the three 
cases examined is shown in Fig. 15.

For Fig. 15a, the flexural resistant plate model is utilized 
(H < B). In the failure condition, the four independent over-
hangs are loaded by the uniform load Q = 2P​. The bending 
resistance is given by the expression:

Fig. 15  Proposed strut-and-tie models for pedestals

 

Fig. 14  Analytical model according to Mörsch. a partial discontinuity; b total discontinuity
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following the Dutch recommendations on non-linear anal-
yses on concrete [28]; the smeared cracking model was 
applied with fixed crack and secant stiffness. Concrete con-
stitutive law in tension is modeled by an exponential law 
with tensile strength fct = 3.6 MPa, fracture energy GF= 
0.150 N/mm and equivalent length h = 20 mm, while the 
compressive constitutive law is the Thorenfeldt one with 
fc = 45 MPa. Mild reinforcement steel is considered with 
a limited hardening branch from 390 MPa to 430 MPa. In 
the models shown here the bottom reinforcement is imple-
mented with diameter φ = 12 mm.

Figure 16 shows the nonlinear FE model for H = 200 mm, 
together with the cracking pattern. It is worth noting that 
in the case of H/B = 0.5 (that is for H = 200 mm) the failure 
mode is the flexural/punching one with bottom reinforce-
ment yielded and ultimate load Pu = 1200 kN, in agreement 
with the average value obtained from the experimental tests 
and the analytical model. The average displacement in this 
case is δ = 0.20  mm and the cracking pattern highlights 
this behavior with compressed concrete not crushed, open 
cracks at the top, bottom and side faces together with other 
cracks in the corners and yielded reinforcement.

In the case of H/B = 1 (that is for H = 400 mm) the fail-
ure mode is that of concrete crushing in the upper part of 
the block with widely open cracks one and ultimate load 
Pu = 1050 kN, in agreement with the experimental tests 
for which the tall pedestals show a reduced ultimate load. 
The average displacement is δ = 0.25 mm and the cracking 
pattern highlights this behavior with compressed concrete 
crushed, open cracks at the bottom face and side faces with-
out yielded reinforcement (Fig. 17).

The results of numerical models confirm the different fail-
ure behavior of the pedestals with different heights, obtained 
through tests and the reliability of analytic methods.

a better interpretation of the results, both for Eurocode and 
the one proposed in this study, the latter being quite con-
servative. Finally, the flexural model is reliable only for the 
lowest pedestals, that is for ratios H/B ≤ 0.5.

If the contribution of corrosion is to be considered, it is 
possible to include in the analytical model a reduction of 
reinforcement cross-section and a reduction of the compres-
sive strength fc, to take into account the degradation of con-
crete that generally accompanies advanced corrosion of the 
skin reinforcements, as already seen in the previous section 
and recommended in the literature [24, 25].

The ultimate load assessments made in Table 6 with dif-
ferent analytical models mainly concern the variation of the 
height/width ratio of the pedestal together with the variation 
of the lower reinforcement quantity, which seems to be less 
significant. The confinement of concrete is not considered 
here because it is assumed that it is not effective due to cor-
rosion of the lateral bars and degradation of the concrete. 
Further developments of the study with new experimental 
investigations will also be able to consider these aspects, for 
non-degraded pedestals and with strong incidence of lateral 
reinforcement.

4  Validation Through Nonlinear Numerical 
Analysis

The behavior of tall and short pedestals was validated 
through Nonlinear Finite Element models implemented in 
MIDAS FEA software, with 3D block elements for concrete 
(average dimension of mesh 20 mm) and 1D embedded 
truss elements for mild reinforcements. The dead load is 
applied through an initial elastic analysis, and then a non-
linear analysis is performed by increasing the load applied 
to the bearing plate. Non-linear analyses were performed 

Table 6  Comparison between analytical and experimental values in terms of ratio between the analytical value of P and the experimental one
Specimen Eurocode 2 Flexural Punching Strut-and-tie
1 0.5198 0.5775 1.1643 0.4235 0.5198 0.7309
2 0.7071 0.7856 1.5838 0.4001 0.7071 0.6905
3 0.8890 0.9877 1.9913 0.3695 0.8890 0.6378
4 0.9336 1.0373 2.0912 0.2971 0.9336 0.5128
Average for H/B = 0.5 0.7623 0.8471 1.7077 0.3726 0.7623 0.6430
5 0.5482 0.5392 1.8418 0.9092 0.8222 0.8954
6 0.8800 0.8655 2.9566 1.0135 1.3199 0.9982
7 1.0026 0.9862 3.3687 0.8484 1.5039 0.8356
8 1.2560 1.2354 4.2202 0.8138 1.8840 0.8015
Average for H/B = 0.75 0.9217 0.9066 3.0968 0.8962 1.3825 0.8827
9 0.5395 0.5018 2.4168 1.5070 1.0789 0.9354
10 0.9501 0.8838 4.2565 1.8431 1.9002 1.1441
11 0.9354 0.8701 4.1906 1.3331 1.8708 0.8275
12 1.6362 1.5221 7.3302 1.7854 3.2724 1.1083
Average for H/B = 1 1.0153 0.9445 4.5485 1.6172 2.0306 1.0038
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The specimens did not suffer significant damage com-
parable to examples of existing structures mentioned in 
the introduction because the bottom reinforcement is not 
directly exposed, unlike the lateral or top ones (confinement 
and top reinforcement bars). Hence, it is possible to neglect 
the presence of top and lateral bars, entrusting the entire 
resistance of the element to the lower reinforcement in view 
of lower bound solutions, for which the resistant mechanism 
that provides the minimum safety factor is always supplied 
by the compressed concrete areas and the lower reinforce-
ment in tension. The results obtained from the experimental 
campaign are then valid for non-corroded pedestals with 
negligible confinement reinforcement or corroded pedestals 
in which the contribution given by the top and lateral bars 
cannot be considered but the bottom reinforcements are still 
reliable as occurs for pedestals experiencing low/medium 
levels of corrosion typical of existing real structures during 
the later stages of service life. From the results the average 
reduction of failure load in corroded specimens is 12%.

Analytically, the study compared the Eurocode 2 model 
with flexural models incorporating punching and a modi-
fied strut-and-tie model proposed by the authors. It was 
found that the modified strut-and-tie model provides results 
which agrees with the experimental results, especially for 

5  Conclusions

This study investigates the theoretical and experimental 
behavior of reinforced concrete pedestals which play a 
key role in transferring loads from bridge girders to piers. 
Different geometric properties are considered, taking into 
account the possible corrosion of the bottom reinforcement. 
The experimental program involved testing 24 pedestals 
with a 400-mm base and heights of 200, 300, and 400 mm. 
Different percentages of reinforcement were placed at the 
bottom edge of the specimens, which were loaded on a 
reduced footprint area using steel plates measuring 80 mm 
in base and 20 mm in height.

Some specimens underwent artificial corrosion induced 
by a pitting attack over 720 days in a sodium chloride tank 
with a concentration of 35 g/l. Measurements of effective 
potential, tensile tests on both corroded and non-corroded 
reinforcing bars as well as crushing tests on the elements 
indicated that the corrosion level reached by reinforcement 
had a minimal impact on the strength of these elements 
when the reinforcement is concentrated in the lower part. 
This configuration optimally enhances the strength in a 
strut-and-tie model for squat elements.

Fig. 17  Nonlinear FE analyses 
on pedestal model for H/B = 1. a 
Model mesh; b cracking pattern

 

Fig. 16  Nonlinear FE analyses on 
pedestal model for H/B = 0.5. a 
Model mesh; b cracking pattern
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pedestals where the height equals or exceeds the base. Con-
versely, for shorter pedestals, the punching strength governs 
the structural behavior and the strut-and-tie model is no lon-
ger applicable.

The results are confirmed by numerical nonlinear analy-
ses performed through FE models both for the ultimate load 
and the variability with the height/width ratio.

Future studies will explore varying dimensions of the 
loading area, additional steel reinforcements, and differ-
ent scenarios of corrosion to further enrich the design and 
assessment of pedestals, especially in degraded conditions.
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