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galvanized steel tube embedded in different concrete 
mixtures was analysed. Pushout tests were conducted 
to obtain the load end versus slip responses, as well as 
the failure modes. The results showed that the embed-
ment lengths and the concrete compositions had no 
relevant effect on the overall shape of the pushout 
experimental responses, with the exception of the 
specimens that include the concrete pin connector. 
However, both variables clearly influenced the bond 
stress, dissipated energy during pushout until failure, 
and residual pushout force. The addition of the con-
crete pin significantly improved the adherence mech-
anism, while the contamination of the galvanic sur-
face showed to significantly reduce the bond strength.

Keywords  HDG steel · Concrete · Plain tubes · 
Bond behaviour · Pushout tests

1  Introduction

Coastal and offshore marine structures are exposed to 
severe exposure conditions and, consequently, present 
durability problems due to physical, chemical and 
microbiological deterioration [1–3]. This reduces its 
service life and increases the maintenance costs [4, 
5].

Corrosion is a major cause of structural degrada-
tion and the main cause of structural failure [6–8]. 
Although this cannot be completely eliminated, the 
use of suitable protection systems, such as cathodic 
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protection or corrosion inhibitors may limit corro-
sion and minimize durability problems [9, 10]. Nev-
ertheless, these are expensive and may not always be 
applied due to its potentially environmental negative 
impact [11]. In particular, some inhibitors may cause 
significant deterioration in the mechanical proper-
ties of concrete. On the other hand, the use of coat-
ing products on steel presents itself as a protective 
method since it can prevent the direct contact of steel 
with oxygen, carbon dioxide, chlorides and moisture 
[12, 13]. In this context, the use of a hybrid structure 
combining concrete and hot-dip galvanized (HDG) 
steel is regarded as a promising solution [6, 9, 14, 15]. 
Concrete and HDG steel, in the form of tube profiles, 
may be used in marine constructions such as floating 
or submerged structures including artificial reef struc-
tures [2], submarine pipelines, offshore wind turbine 
towers and bridge piers, some in the form of concrete-
encased steel elements or concrete-filled steel tubular 
(CFST) members [16, 17].

The coating also guarantees the preservation of the 
mechanical properties of steel and does not require 
periodic maintenance, even in the harshest environ-
ments. However, despite all the advantages, it influ-
ences the bond behaviour between the steel and con-
crete [6, 9, 12, 18, 19].

The bond stress-slip relationship characterizes 
the steel-concrete interface behaviour and may be 
obtained experimentally using direct pushout or pull-
out tests, and indirectly through flexural tests [9, 18].

The bond behaviour between galvanized steel and 
concrete is determined by the chemical bond strength 
between steel and the cement (chemical adherence), 
and depends on the relative displacement between the 
two surfaces (friction) and interlocking mechanisms 
(mechanical adherence).

Corrosion and galvanization can significantly 
influence the chemical bond between steel rein-
forcement and concrete, namely due to the reaction 
between galvanized coating and the cement paste, 
as well as the influence of corrosion on bond behav-
iour over time. Previous studies revealed inconclu-
sive results [6, 9, 18, 20–22]. According to several 
authors, the galvanized steel surface is activated 
when in contact with fresh concrete due to its alka-
line nature [22, 23]. During the curing process, the 
zinc coating corrodes until passivation occurs. At this 
early stage, rapid corrosion of the coating may result 
in the removal of a significant amount of this layer, 

thus resulting in poor protection. Simultaneously, as 
a result of the cathodic reaction, hydrogen produc-
tion occurs, which increases the porosity of the con-
crete and consequently decreases the chemical bond 
between the materials [9, 23–25]. Sanz et al. (2017) 
found that the corrosion depth did not impact the 
maximum shear stress, suggesting consistent adher-
ence in all specimens. Yet, the corrosion depth does 
influence residual stress, revealing a detectable dila-
tant behaviour. In contrast, according to Yeomans 
(2004), zinc corrosion products have the ability to 
migrate from the surface of galvanized reinforce-
ment to the concrete matrix, reducing the likelihood 
of concrete corrosion-induced damage. Also, galva-
nized steel may be exposed to chloride ion concentra-
tions at least 4–5 times higher than steel and remain 
passivated at a lower pH than regular steel [23]. 
The combination of these two factors is commonly 
accepted as the basis for the superior performance of 
galvanized reinforcement compared to uncoated steel. 
Ortolan et  al. (2017) indicates that mixtures with a 
lower water/cement ratio, and therefore with greater 
strength, favour the use of galvanized steel [25].

While conventional galvanization of reinforcing 
steel extends the service life of reinforced concrete 
structures and has a clearly superior carbonation 
resistance, recent investigations show that it may 
result in decreased bond between steel and concrete, 
with negative consequences for the bearing capacity 
of structures [9]. On the other hand, some authors 
claim that its influence is negligible [26] and further 
studies are therefore required to investigate in detail 
the bond behaviour between HDG steel and con-
crete [27]. Thus, this experimental research aimed 
at characterizing the influence of the bond length, 
the concrete mixture, the pin connector and the sur-
face contamination on the HDG steel – concrete bond 
behaviour by direct pushout tests.

2 � Experimental program

In order to study the bond between HDG steel and 
concrete, an experimental program was devised, 
based on pushout tests, to evaluate the influence 
of the bond length (LB) and the concrete mixture 
(MXX). The experimental program was composed 
of 40 tests divided into four groups (I, II, III and IV) 
according to the concrete mixture developed. For 
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each, three different series, according to the LB, were 
considered.

The chosen LBs were evaluated using expressions 
6.9–4 to 6.9–6 of CEB-FIP model code 90 [28]. For 
that, the design bond stress considered the concrete 
tensile strength, smooth surface of the reinforcement 
bar, bad adherence with the concrete matrix and the 
tube diameter. The bond length required to anchor 
the tensile force installed in the tube was calculated 
assuming constant tension in the tube loaded end sec-
tion and the mechanical properties of the steel used, 
leading to an LB equal to 1281.11 mm (considering 
C30/37). Note that, when considering the experimen-
tal bond stress obtained by Sanz et al. (2017), the LB 
would be 176.72  mm. Therefore, to have debond-
ing failure during testing, three LB values (50, 75 e 
150 mm), smaller than the effective bond length and 
compatible with the concrete cube dimensions, were 
adopted.

The following nomenclature was adopted for the 
specimens: MXX_LBYY_ZZ; where XX identifies 
the concrete mixture number, YY identifies the bond 
length in millimetres and ZZ designates the number 
of the specimen tested adopting the same testing con-
ditions (Table 1).

To understand the influence of concrete strength 
and cement content on the bonding properties, the 
three tested concrete compositions represented com-
mon low to medium strength concretes. An additional 

series of tests was included in group III with the suf-
fix designation H40, suggesting “hole of 40 mm”, in 
order to study the concrete pin on the bond behaviour. 
In this case the LB of 100  mm was adopted. These 
holes allowed the continuity between the inner and 
outer regions of the tube, which may be of interest for 
mixed concrete–HDG steel construction systems.

A total of 32 concrete cylinders were tested to 
characterize its mechanical properties at 7 and 
28 days after casting. Moreover, 4 steel samples were 
extracted from the HDG steel in order to assess its 
mechanical properties.

It should also be noted that the specimens of group 
IV were constructed by reusing the tubes tested in 
group I and were not cleaned, in order to evaluate 
the importance of a clean HDG surface on the results 
compared with group III.

2.1 � Materials

Concrete composition requirements included a good 
workability in the fresh state to guarantee the appro-
priate filling of the moulds, characteristics that pro-
mote the durability of the structural systems, and 
strength and deformability properties in the hardened 
state comparable to the most common ones in the 
type of applications studied. One of the initial conse-
quences of these requirements is the need to use small 
size aggregates, which allow concrete to flow without 
any constraint, particularly in M03_LB100_H40. The 
concrete compositions developed using the modified 
equations proposed by Andreasen & Andersen [29] 
are shown in Table 2.

2.2 � Geometry and preparation of specimens

The test specimens consisted of concrete cubes of 
150 × 150 × 150  mm3

, where HDG steel tubes with 
a total length of 200  mm were embedded, at LB of 
50 mm, 75 mm or 100 mm. In order to accurately guar-
antee these LB, circular pieces of polystyrene foam 
with different thicknesses were placed under the tubes 
before casting. To guarantee the correct positioning 
of the tubes, steel frames were attached to the moulds 
(Fig.  1). Casting was carried out cautiously, to avoid 
HDG steel tube surface contamination with products 
that could alter the bond behaviour. After two days, 
the concrete cylinders and the pushout specimens were 
placed in a climatic chamber at 58 ± 2% of relative 

Table 1   Variables and specimens tested in the experimental 
program

Concrete LB [mm] No. of 
speci-
mens

Series

M01 50 3 M01_LB50_01 to 03
75 3 M01_LB75_01 to 03

100 4 M01_LB100_01 to 04
M02 50 3 M02_LB50_01 to 03

75 3 M02_LB75_01 to 03
100 3 M02_LB100_01 to 03

M03 50 3 M03_LB50_01 to 03
75 3 M03_LB75_01 to 03

100 3 M03_LB100_01 to 03
100 3 M03_LB100_H40_01 to 03

M04 
(“reused” 
tubes)

50 3 M04_LB50_01 to 03
75 3 M04_LB75_01 to 03

100 3 M04_LB100_01 to 03
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humidity (RH) and 20 ± 1 °C of temperature (T). Prior 
to the tests, the foam was removed and the air gap was 
measured. Before assembling the specimens, the HDG 
steel tubes were cleaned following the recommenda-
tion of the American Galvanizers Association [30], to 
remove organic contaminants resulting from handling, 
cutting and transportation processes. For this, a mild 
alkaline solution with ten parts water and one part of 
alkaline cleaner was used.

2.3 � Testing methods

2.3.1 � Concrete properties

The fresh properties of the concrete mixtures were 
evaluated by performing the slump test with the 
Abrams cone, following the European Standard EN 
12350-2 [31]. The compressive behaviour was char-
acterized by means of uniaxial compression tests 

Table 2   Concrete 
composition

Materials Mixture 1 [kg/m3] Mixture 2 [kg/m3] Mixture 3 & 
4 [kg/m3]

CEM II/A-L 42,5R 230.0 350.0 450.0
Limestone filler 108.0 0.0 0.0
Fine sand 0/2 338.8 335.0 294.5
Fine sand 0/4 853.0 845.0 750.0
Gravel aggregate 6/14 637.2 625.0 558.0
Superlasticizer masterease 3530 1.6 1.6 1.6
Plasticizer masterpozzolith 476N 1.6 1.6 1.6
Water 157.2 157.0 201.8
w/c 0.684 0.449 0.449

Fig. 1   Specimen’s prepara-
tion
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in cylinders with 150  mm diameter and 300  mm in 
height [32]. Young’s modulus (Ecm) and compressive 
strength (fcm) of concrete were assessed according to 
EN 12390-13 [33] and EN 12390-3 [34].

Table  3 shows the average results obtained for 
concrete characterization. In general, the mixtures 
showed good consistency and workability with no 
segregation, i.e. the separation of the liquid from the 
solid phase. Mixture M01, M02, M03 and M04 may 
be characterized by a strength class C12/15, C20/25, 
C30/37 and C35/45, respectively [35].

2.3.2 � HDG steel properties

According to the manufacturer, the HDG steel tubes 
belong to the light series with a mean external diam-
eter of 88.61 mm (CoV = 0.04%) and a mean average 
thickness of 3.08 mm (CoV = 0.86%).

According to EN 10255, it corresponds to steel 
with a yield strength exceeding 195  MPa, ultimate 
tensile strength between 320 and 520  MPa, and an 
ultimate tensile strain exceeding 20%.

In order to characterize the mechanical properties 
of the HDG steel, four uniaxial tensile tests were per-
formed based on ISO 6892-1 [36]. The applied tensile 
load and the strain in the longitudinal axis at middle 
height were measured. The modulus of elasticity (E), 
the elongation (A), the tensile strength (Rm) and the 
upper yield strength (ReH) or proof strength (Rp) were 
obtained.

Note that, according to the manufacturer, ReH is 
equal to 289  MPa. However, since the experimental 
responses obtained in tension do not clearly exhibit a 
yielding plateau, the proof strength corresponding to 

0.2% of strain (Rp0,2) was obtained instead. Figure 2 
presents the steel uniaxial stress-strain curves and 
properties. The tested steel showed typical behaviour 
and rupture of the material.

2.3.3 � Pushout tests

Considering the configurations and dimensions found 
in the literature [7, 10, 18, 37], a concrete prism with 
150  mm was adopted, in order to reduce the mate-
rial waste and weight of the specimen. Supportive 
numerical analysis [38] were carried out to check the 
test configuration and ensure that the tensile strength 
of the surrounding concrete was not exceed by the 
circumferential stresses generated when the pushout 
force is transferred from the tube (action) to the block 
(reaction). The results showed that the stress distribu-
tion was satisfactory to the debonding phenomenon.

Figure 3 shows the test setup adopted on the exper-
imental program. The test consisted on subjecting 
the steel tubes to an uniaxial compressive force. The 
specimen was positioned on a rigid metal piece con-
nected to a steel reaction frame. An angular spheri-
cal bearing was used at the loading section to provide 
stability and facilitate initial system adjustment. The 
specimens were tested at a loading rate of 2  µm/s 
until a constant residual force was reached, based 
on previous studies [17, 18, 24, 27, 37]. A servo-
hydraulic equipment with 100 kN (± 0.12 kN; 0.05% 
F.S.) maximum load capacity was used. A linear 
variable differential transducer (LVDT1) with a stoke 
of ± 10 mm (linearity error of 0.24% F.S.) was used 
to control the test. LVDT 2, 3 and 4, positioned 120º 
from each other, with a stoke of ± 10 mm were used 
to measure the relative displacement between the tube 
and the concrete at the loaded end section. LVDT 5 
with a stoke of  ±  5 mm was used at the at the free end 
section.

Although the bond shear stress (τ) presents an 
uneven distribution following a nonlinear shape along 
the anchorage length, an average shear stress was 
assumed for evaluation and comparison purposes, fol-
lowing the approach typically adopted in the design 
codes. Thus, τmax was computed as shown in Eq. (1).

(1)�max =
Fl, max

� × D ×
(

LB − Sl, max

)

Table 3   Slump flow and mechanical properties of concrete 
mixtures 1 to 4

Slump class Ecm,7d fcm,7d Ecm,28d fcm,28d

[GPa] [MPa] [GPa] [MPa]

M01 S1 23.57 16.99 22.70 20.44
[0.30%] [2.23%] [6.16%] [2.88%]

M02 S4 26.24 26.11 28.10 31.17
[3.54%] [11.12%] [1.44%] [4.66%]

M03 S4 28.85 34.38 28.20 37.89
[0.07%] [1.12%] [2.25%] [0.91%]

M04 S4 26.97 36.81 28.03 43.27
[1.32%] [0.90%] [0.92%] [1.22%]
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where Fl,max is the maximum pushout load, D is 
the outer diameter of the steel tube, LB is the bond 
length, and sl,max is the displacement of the tube at the 
loaded end section corresponding to Fl,max.

3 � Results and discussion

3.1 � Bond behaviour

Figure 4 presents the amplification of the initial part 
of the typical experimental curve in terms of push-
out force (Fl) versus loaded end slip (sl) and free end 
slip (sf). The loaded end slip curve allowed to discern 
the starting of the tube slip. In contrast, the sliding 
of the free end was initiated only at the final stage 
of the debonding experimental responses. Figure  5 
shows the experimental responses obtained in terms 
of (Fl−sl), at the loaded end zone. Fl was measured by 
the load cell of the actuator, and the sl was obtained 
by averaging the measurements taken from the three 
LVDTs 2, 3 and 4.

The experimental responses obtained are divided 
according to mixtures. In general, the Fl-sl experi-
mental responses exhibit a very similar global behav-
iour for all specimens. The responses are essentially 
marked by three distinct phases, regardless of the type 
of concrete used and the LB adopted. Initially an elas-
tic behaviour phase is observed (pre-peak branch), 
due to the contribution of the chemical bond between 
concrete and the surface of the HDG steel, which 
results in the perfect bond between the two materials 
involved. The system shows a high initial stiffness, 
with a progressive increase of the load capacity for a 
very low sl, until the peak pushout force is reached. 
After this first phase, the specimens exhibit a nonlin-
ear Fl−sl experimental response, that is characterized 
by a very fast reduction of the load carrying capac-
ity and the loss of stiffness due to bond degradation 
(post-peak branch). It should also be noted that the 
transition between the pre-peak phase and the post-
peak softening phase happens smoothly due to the 
progressive propagation of the detachment crack that 
breaks the chemical bond, and due to the remaining 

Fig. 2   HDG steel uniaxial stress-strain curves and properties
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Fig. 3   Experimental 
setup and instrumentation 
adopted for pushout tests

Fig. 4   Typical responses in terms of Fl − sl and Fl − sf: a M02_LB50_01 and b M02_LB100_01
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physical contact between materials. In the post-peak 
phase, the bond behaviour is governed by friction, 
which is typical in smooth surfaces. The descend-
ing shape of the Fl−sl post-peak response reflects 
the gradual degradation of the interface, which leads 
to the reduction of the load bearing capacity. As the 
loaded end slip increases and damage at the interface 
progresses due to friction, the force reduction tends to 
smooth and a residual force plateau is reached. Over-
all, despite slight variations between different experi-
mental responses, the results are quite consistent and 
show well defined shapes. Note that tests that experi-
enced problems during testing, were disregarded and 
not considered for the average results.

Table 4 summarizes the main experimental results 
obtained. The typical failure mode (FM) and the 

concrete compressive strength at 28 days (fcm,28d) for 
each group series are also shown. Fl,max represents the 
maximum pushout force, sl,max is the loaded end slip 
at maximum pushout force, sf,max is the free end slip 
at maximum pushout force and τmax is the maximum 
average shear stress at the interface between the HDG 
steel tube and the concrete surface. The parameter Fr 
is the residual pushout force, defined as the pushout 
force obtained when sl reaches 8  mm. Gf represents 
the energy dissipated during the pushout test until 
failure, and is obtained by computing the area under 
the Fl−sl experimental curve until a sl of 8  mm is 
reached. Fr/Fl,max is the ratio between Fr and Fl,max.

The normalized shear strength ( �max ), and the 
normalized energy dissipated during pushout test-
ing until failure ( Gf  ) were computed according to 

Fig. 5   Fl-sl experimental responses: a M01, b M02, c M03 and d M04. (Color figure online)
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Eqs.  (2), (3), respectively. The average concrete 
tensile strength (fctm) was estimated according to 
Eurocode 2 [35] and CEB-FIP Model Code [28], 
following Eq. (4).

In a first observation to Table  4, it appears that 
the value of CoV is more consistent and homogene-
ous for Fl,max e τmax, varying between 2 and 16%, 
which are considered good for the type of test per-
formed. With regard to the remaining variables, 
there is greater variability of results and disparity 
between them. For example, in the case of Fr, the 
minimum and maximum CoV were 2% and 45%, 
respectively. The remaining variables follow a simi-
lar pattern. However, and despite the CoV values 
being higher than desirable, they are considered 
acceptable and normal since some of the mecha-
nisms related to these variables present a fragile and 
sensitive behaviour. Furthermore, despite all the 
care taken during the production of the specimens, 
it is important to mention that the heterogeneity of 
the concrete and the geometric imperfections may 
also have influenced this variability.

In general, based on the results presented in 
Table  4, there is an evident effect of the concrete 
mixture on the bond response values obtained. 
Comparing the mixtures (M01 to M03), the higher 
fcm, 28d (M03 > M02 > M01) resulted in higher Fl,max, 
τmax and Fr. Nevertheless, the order of magnitude 
of �

max
 and Gf  were similar between groups. It was 

possible to identify a polynomial trend in the rela-
tionship between the compressive strength of the 
concrete and the bond shear stress established at the 
interface.

The influence on LB on the bond behaviour 
is less pronounced for the range of LB studied. 
Increasing LB led to higher Fl, max in all three mix-
tures, as expected due to the larger contact area of 
the bonding interface. The same was observed for 

(2)�max =
Fl, max

fctm × � × D ×
(

LB − Sl, max

)

(3)Gf =
Gf

fctm × � × D ×
(

LB − Sl, max

)

× 8

(4)fctm = 0.3 × f

(

2

3

)

ck

Fr and Gf. The τ and �  values showed to be consist-
ent among specimens of the same series, as well as 
among series of the same group, for all groups.

In addition, the Fr/Fl,max ratio was consistent and 
values of the same order of magnitude were observed 
for all specimens. An average value of 23.27% was 
found, with a maximum of 33.06% and a minimum 
of 18.81%.

The clearly different results obtained for M04 
when comparing to M03 show that contaminated sur-
face do not lead to the same results. Possible causes 
may be the previous contact of the bond surface with 
cement paste, which may produce a reaction that pro-
motes better chemical bonding the first time it occurs. 
When the tubes are reused, part of this effect may be 
lost, because the main mechanism that contributes to 
the bond strength is the chemical bond between the 
fresh concrete and the galvanized coating. The reuse 
of the tubes may therefore result in a weaker and less 
uniform bond between the materials. The results of 
M04 are important to show that transport and han-
dling of HDG steel during construction must be 
done with care, as recommended by the associations 
of HDG [30], in order to fully preserve the original 
interface properties.

Figure 6 shows the Fl−sl responses computed for 
all specimens tested, considering each bond length 
and concrete composition. The average responses 
were obtained by averaging the pushout force 
obtained at each loaded end slip for all specimens of 
the same LB and concrete strength. In general, test 
specimens from different groups with the same LB 
presented very similar Fl−sl initial stiffnesses and 
overall response. Despite this, the type of concrete 
showed to clearly influence the load carrying capac-
ity. Therefore, the maximum shear stress is the most 
affected variable when concrete strength and cement 
content are increased. The concrete pin adopted in 
the LB100_H40 specimens influenced the shape and 
magnitude of the values obtained in the experimental 
response, especially in the post-peak phase, and sof-
tening was not gradual as in the other cases (Fig. 6d).

3.2 � Failure modes

Figure 7 shows representative images of the most fre-
quently FM. In general three different failure modes 
were observed:



Materials and Structures           (2024) 57:89 	 Page 11 of 19     89 

Vol.: (0123456789)

Fig. 6   Average pushout force versus loaded end slip (Fl − sl) responses computed for all specimens tested: a LB50, b LB75, c 
LB100 and d LB100 vs LB100_H40. (Color figure online)

Fig. 7   Failure modes: a D, 
b DC and c S
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•	 D—pushout debonding failure at the concrete to 
HDG steel tube interface, which consists on the 
full development of a tunnel crack at the inter-
face between both materials and the slipping of 
the steel tube with respect to the concrete block. 
This was the most common failure mode, which 
indicates an appropriate concrete substrate behav-
iour and the objective characterization of the 
bond behaviour. After removing the HDG steel 
tubes from the concrete substrates, homogeneous 
cement bonding films were visible at the surface 
of the tubes, as well as friction marks (Fig. 7a);

•	 DC—formation of a thin crack in the concrete 
block during pushout debonding failure, visible 
after Fl,max is reached (Fig. 7b). Given the reduced 
crack opening, a colour line adjacent to the crack 
was used to better identify the crack path. The sur-
rounding concrete was not able to accommodate 
the tensile stresses generated during the push-out 
test, possibly influenced by a small vertical mis-
alignment of the tube. Specimens M01_LB100_02 
and M03_LB75_03 cracket during testing, and a 
sudden decrease in the Fl was observed. Despite 
that, the experimental Fl−sl responses showed 
a similar overall shape when compared to the 
specimens with debonding failure (D). Note that 
M04_LB75_01 showed a crack even before test-
ing, probably caused by any accidental impact. An 
homogeneous cement bonding films were also vis-
ible at the steel surface.

•	 S—premature failure of the concrete block by 
splitting (Fig. 7c). This failure mode was observed 
for the specimens M04_LB100_H40 and occurs 
due to excessive radial tensile stresses originated 
by the pushout load transfer from the HDG steel 
tube to the concrete block, which results in cracks 
in the transverse and longitudinal directions. The 
pushout behaviour is determined by the character-
istics of concrete block itself and not by the bond 
properties, therefore the Fl,max is underestimated. 
In this case, the obtained experimental responses 
were quite different. After reaching a maximum 
load value, which was higher than in the speci-
mens of the same type without holes, the concrete 
cubes suffered splitting failure, resulting in an 
abrupt drop in the load carrying capacity to 0 kN. 
The size of the concrete cubes would have to be 
substantially increased in order to avoid prema-
ture failure of the concrete block and allow full 

mobilization of the maximum bond strength. This 
means that, although a higher bond strength was 
obtained, the values could be even higher if the 
concrete blocks remained intact.

3.3 � Maximum pushout force (Fl,max)

Figure 8 shows the average results obtained in terms 
of Fl, max with respect to concrete strength (Fig.  8a) 
and the bond length (Fig. 8b). The values within the 
bars represent the percentage increase compared to 
the first bar’s value. LB100_H40 was compared to 
LB100.

For M01, Fl, max increased by + 41% when com-
paring LB50 and LB75, and + 102% when LB50 

Fig. 8   Influence of the concrete strength, M01 to M04 (a), and 
LB (b), on the average value of Fl,max within each series
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and LB100 are compared. In the case of M02, when 
comparing LB50 to LB75 and LB50 to LB100, the 
increase was + 37% and + 103%, respectively. For 
M03, the increase was about + 28% and + 81% when 
comparing LB50 to LB75 and LB50 to LB100, 
respectively. Furthermore, the specimens LB100_H40 
experienced an increase of + 33% when compared 
to LB100. Regarding M04, the increase was + 56% 
and + 100% for the same bond lengths comparison. In 
summary, it was found that for the different series the 
maximum pull-out force, Fl,max, was approximately 
proportional to the bond length.

Figure  8b shows that the parameters obtained 
in the tests were also clearly influenced by the con-
crete mixture and the cement content. For LB50, with 
respect to M01 a variation of Fl, max of + 53%, + 69% 
and − 6% for mixtures M02, M03 and M04, respec-
tively, was obtained. In the case of LB75, the vari-
ation of Fl, max was + 49%, + 54% and + 4%. For 
LB100, a variation of + 54%, + 51% and − 6% was 
found. Summarizing, for all the three LB a significant 
increase in Fl,max was found when M01 and M02 are 
compared. Between M02 and M03 this increase was 
less significant. In the case of M04, the values were 
very similar to those of M01.

3.4 � Maximum shear stress (τmax)

Despite slight variations, the τmax and the �max values 
for the various LB of the same concrete mixture were 
quite similar and consistent, as shown in .

a. The average value of τmax referring to the aver-
age obtained from all LBs of the same concrete mix-
ture were also computed. In the case of M01, τmax 
averaged 1.19 ± 0.04  MPa (± 3%). Comparing LB75 
and LB100 to LB50, variations were −4% and + 4%, 
respectively. For M02, τmax averaged 1.75 ± 0.11 MPa 
(± 6%), with variations of − 9% and + 7%. For M03, 
the averaged of τmax was 1.93 ± 0.11  MPa (± 6%), 
with variations of − 13% and − 5%. Comparing LB100 
to LB100_H40, a significant increase of + 45% in 
τmax was observed, suggesting improved adherence 
promoted by the concrete pin. In M04, the average 
value of τmax was 1.16 ± 0.03 MPa (± 3%), with vari-
ations of + 7% and + 4%. τmax occurred at loaded end 
slips between 0.04 mm (most common) and 0.11 mm. 
In terms of �max , a mean value of 0.74 ± 0.02 
(± 3%), 0.70 ± 0.06 (± 9%), 0.67 ± 0.04 (± 6%) and 
0.36 ± 0.01 (± 3%) was found for the specimens of 

M01, M02, M03 and M04, respectively (Fig.  9c). 
The τmax experimentally obtained for a particular LB 
would require a higher LB in order to meet the maxi-
mum ‘theoretical’ value. The relations between LB, 
fcm and τmax indicating that the LBs adopted are lower 
than the effective LB (Fig. 9e, f).

The concrete strength influenced the τmax, regard-
less of the LB. An average variation of 53.8% was 
found considering M01 to M03, with a maximum 
of + 72% (Fig.  9b). Despite the variations noted, the 
τmax showed increasing values for the specimens of 
mixtures M03 > M02 > M03, which corresponded 
to the increase in the concrete compressive strength 
(fcm,M03 > fcm,M02 > fcm,M01). The increasing of fcm 
results in a polynomial increase in the experimental 
bond stress, although the theoretical values show lin-
ear increase.

M04 presented identical values of τmax to those 
of M01 showing that the surface contamination sig-
nificantly reduced the bond stress in around − 39.5% 
(M04 to M03), equivalent to a reduction in the con-
crete’s compressive strength of 53% (Fig. 9e, f). Con-
sidering the mechanical parameters of the concrete 
mixtures presented in Table 3, it was found that the 
mixture M02 was superior to M01 both in terms of 
compressive strength (52%) and modulus of elastic-
ity (+ 24%). M03 was superior in 113% and + 23% 
and, M04 in + 85% and + 24% in terms of fcm,28d and 
Ecm,28d, respectively.

Concretes with a higher resistance results in a bet-
ter chemical bond strength in a polynomial relation-
ship. Although these trend was observed between 
M01, M02 and M03, the same did not occur between 
M04 (reused tube) and M01. In this case, the values 
of Fl,max and τmax were very similar despite its superi-
ority in the fcm. However, looking at the homogenized 
variables, it appears that the values obtained for M04 
are about half of those mixtures, and this difference 
cannot be neglected (Fig.  9d). Independently of LB 
and contrary to what happened for τmax, the speci-
mens of M01 resulted in �max values higher than those 
obtained for M04, which highlights the importance of 
normalizations of the variables. Despite small varia-
tions, the values of �max are all approximate.

3.5 � Energy dissipated (Gf)

The total energy is clearly influenced by both LB 
(Fig. 10a) and the concrete mixture (Fig. 10b).
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In the case of the mixture M01, there was a + 23% 
and + 43% variation between LB50 and LB75 and 
between LB50 and LB100, respectively. In mixture 

M02 the variation was + 73% and + 151%. In the case 
of M03, the variation was + 23% and + 69%. In mix-
ture M04 there was a variation of + 86% and + 132%.

Fig. 9   Influence of the fcm and LB, on the average values of τmax (a, b, e, f), and �max (b, d), within each series
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The LB value was found to have greater influence 
on total energy in mixtures M02 and M04 and less 
influence in mixtures M01 and M03. In the case of 
LB100_H40, the specimen presented a fragile rupture 
and as a consequence the total energy was affected. 
Although the type of concrete influences the total 
energy, it should be noted that the variations were 
smaller than those found on the influence of anchor-
age length. In general, apart from LB50, the speci-
mens for mixture M02 had a higher total energy. 
Regarding to normalized energy, it appears that the 
values were similar between all groups, with a mean 
value of 0.245 (Fig. 10c, d).

Figure 11 shows that the residual force raise with 
higher values of LB, regardless of the concrete type 
mixture. The results also show a greater increase in 
residual strength for higher strength concrete, except 
for M04. While in the M01 mixture the increase 
between LB50 and LB75 was + 11% and between 
LB50 and LB100 was + 23%, in the case of mix-
tures M02 and M04 the increments were more than 
double. In M02 there was an increase of + 52% 
and + 104% and in the case of M04 a variation 
of + 65% and + 109% was observed. For M03, a vari-
ation of + 17% and + 45% was found. Note that the Fr 
obtained for the series LB100_H40 was near 0  kN, 

Fig. 10   Influence of the type of concrete and LB, on the average values of the energy dissipated during pushout testing, Gf (a, b), 
and Gf  (c, d), within each series. Residual force (Fr)
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which was expected considering the brittle type of 
rupture observed.

The highest residual strength values were obtained 
for the M02 with a value of 12.98 kN for the series 
LB100. The lowest values correspond to the M04, 
series LB50, with a value of 3.39 kN.

In addition, the Fr/Fl,max ratio was consistent and 
the values present the same order of magnitude for 
all specimens. Thus, considering all the specimens, 
an average value of Fr/Fl,max equal to  +  23.3% was 
found, with a maximum of 33.1% and a minimum of 
18.8%.

According to the literature, the three main mech-
anisms that influence bond strength are [23]: (i) the 
coating itself, (ii) the chemical reaction between zinc 
and the wet cement paste and (iii) the retarding effect 
of corrosion products that result from the reaction 
of zinc with the wet cement paste on cement hydra-
tion. As noted, the chemical component is an impor-
tant mechanism that can actively influence the bond 
strength. The alkaline environment of the fresh con-
crete activates the galvanized steel surface, and zinc 
layer corrodes until passivation occurs. Since only 
one type of coating was used in this work for four 
different concrete mixtures, it is natural that different 

Fig. 11   Influence of the type of concrete, M01 to M04, and of LB, on the average values of Fr, (a, b), and Fr/Fl,max (c, d), within 
each series
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reaction products are formed. Thus, this may justify 
the variations observed for test specimens of differ-
ent mixtures but with the same LB. Indeed, the con-
crete mixture seems to provide more influence on the 
results than the anchorage length.

It is important to emphasize the importance and 
care that must be taken when working with compos-
ite systems made of concrete and galvanized steel in 
order to prevent involuntarily contamination of the 
galvanized surface Although not intentionally, the 
existence of contaminating products such as oils and 
their variants resulting from the handling, transporta-
tion and application on site of this type of material 
can cause a decrease in the adherence between the 
materials, as stated by the American Galvanizers 
Association, that also educates on how to deal and 
decontaminate possible contaminated surfaces.

4 � Conclusions and future works

This sub-chapter summarized the results obtained in 
an experimental program composed by 40 pushout 
tests performed in concrete cubes reinforced with 
HDG steel tubes, 32 cylinders to characterize con-
crete mixtures and 4 steel specimens to characterize 
the mechanical properties.

The results obtained led to the following main 
conclusions:

1.	 The behaviour of all the tested specimens was 
consistent and similar to those obtained by Sanz 
et al. (2017): the curves showed a positive initial 
steep slope, as a result of the high stiffness of the 
system due to the strong bond between the two 
materials, raising up to Fl,max and then progres-
sively descend to a residual stress plateau.

2.	 LB and concrete mixture did not significantly 
influence the shape of the curve Fl − sl, however 
both influenced the values obtained of Fl,max, Gf 
and Fr.

3.	 Higher fcm led to a higher τmax in a polynomial 
relationship;

4.	 The τmax experimentally obtained for a particular 
LB would require a higher LB in order to meet 
the maximum ‘theoretical’ value, depending on 
the concrete strength. The relations between LB, 
fcm and τmax indicating that the LBs adopted were 
significantly lower than the effective LB;

5.	 The importance of a clean HDG surface, in con-
trast to a contaminated surface, is clear on the 
results as the later reduces bonding in −39.5%, 
which may be equivalent to a reduction in the 
concrete’s strength of 53%;

6.	 The failure mode observed was consistent. 
Debonding (D), debonding with crack (DC) an 
splitting (S) were observed. Debonding phenom-
enon was the main FM, as expected.

7.	 The contribution of the concrete pin achieved 
through the pipe hole improved the adhesion 
between materials. It should be noted, however, 
that the global failure mode was not the desired 
one and that the adherence bond stress could be 
even higher than that obtained.

8.	 The test specimens and the methodology adopted 
proved to be adequate to fully characterize the 
bond behaviour between HDG steel tube and 
concrete.

Finally, the present study represents a first step for 
an extended investigation to study the effect of seawa-
ter on bond behaviour over time for marine applica-
tions. Some of the aspects to be considered include 
environmental factors’ effect or the corrosion mecha-
nism in bond behaviour (durability). Microstructural 
analysis with chemical assessment of the HDG coat-
ing–concrete interface could also help to clarify some 
of the bond mechanisms established during curing 
and corrosion process. Investigate the constitutive 
model of bond-slip and include it in analytical and 
numerical models.”
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