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A B S T R A C T   

This paper investigates the phenomenon of cover spalling in reinforced concrete induced by bond or by the 
action of an inner pressure. This research is based on an experimental programme comprising a series of bond 
tests and a series of tests with inner-pressure on cylindrical openings. The inner-pressure test series (aimed at 
representing the conditions occurring for instance due to corrosion of reinforcement) was performed with hy-
draulic inflator devices embedded within concrete openings near to the free concrete surface. By means of 
detailed surface measurements performed with Digital Image Correlation, the mechanisms triggering spalling 
failures and the associated resistance are discussed and analysed thoroughly. This series investigates in addition a 
number of phenomena relevant to spalling failures, such as the influence of the casting position, group and size 
effects. The observed response, analysed by means of a mechanical analogy, is later used to investigate a series of 
structural tests performed on pull-out specimens. This analysis highlights the analogies and differences between 
the two types of tests (subjected to an imposed pressure or to bond stresses). On that basis, a comprehensive 
approach for treatment of bond-related cases failing by cover spalling is proposed, showing consistent agreement 
to the experimental evidence.   

1. Introduction 

Spalling of the concrete cover is a complex phenomenon that in-
fluences not only the ultimate limit state of a concrete member, but also 
its serviceability response and its durability. Spalling failures originate 
when a transverse force acting near to the concrete surface (originated 
by the presence of the reinforcement in the investigated cases) equals 
the tensile resistance of the concrete cover. The actions originating 
spalling failures can have different sources, as stresses associated to 
bond between reinforcing bars and surrounding concrete (Fig. 1a) [1–3], 
the volume expansion due to corrosion of the steel reinforcement 
(Fig. 1b) [4–8], deviation forces related to detailing with reinforcement 
bent in parallel to the surface (Fig. 1c) [9–11] or in curved members 
(Fig. 1d) [12–16], dowel action (Fig. 1e) [17–21] or vapour-pressure 
under fire conditions [22,23]. The spalling resistance depends in these 
cases upon a number of factors [3], such as the layout and dimensions of 
the reinforcing bars, the concrete cover and its strength or the casting 
position. 

In this paper, the phenomenon of spalling in structural concrete is 
investigated with reference to the action of a radial transverse pressure 
(as that originated by bond between reinforcement and concrete, 
Fig. 1a, or associated to volumetric expansion of corroded 

reinforcement, Fig. 1b). First, an extensive review of the state-of-the-art 
is presented, followed by a specific testing programme. The experiments 
were performed both on specimens subjected to inner-pressure acting on 
cylindrical opening (44 tests) as well as on anchorages (12 pull-out 
tests). With this programme, a special focus is set on the analysis of 
the relationship between pull-out failures and the applied transverse 
pressure, on the influence of the cover thickness and casting position as 
well as on the size and group effects. This programme was in addition 
instrumented with Digital Image Correlation, allowing to track in a 
detailed manner the development of surface cracking and to investigate 
on the associated load-carrying actions. On the basis of these results, a 
design approach is proposed based on a simple mechanical model. The 
consistency of such approach is validated with the test results of this 
paper as well as with others gathered from the scientific literature. 

2. Review of the state-of-the-art 

A large number of studies have been performed in the past with 
reference to spalling failures of concrete. In this section, the most rele-
vant works concerning spalling due to engagement of bond stresses or by 
application of internal pressures inside concrete will be reviewed. The 
aim will be to clarify the phenomena triggering spalling failures and to 
relate them to the experimental programme presented in the next 
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Nomenclature 

Notation 
cx, cy cover thickness in x, y direction 
cs clear spacing 
dg maximum aggregate size 
ddg average roughness 
fb bond strength 
fc,cyl compressive strength of concrete cylinder 
fc,28 compressive strength of concrete at 28 days 
fct tensile strength of concrete 
fct,28 tensile strength of concrete at 28 days 
fR bond index 
fsp radial splitting stress 
ft reinforcement tensile strength 
fv vertical force per unit length 
fy mean value of the yield strength of reinforcement 
lb anchorage length 
n number of disturbances 
m slope 
p pressure 
pe external pressure 
pmax pressure at peak 

p⊥ pressure perpendicular to the cover 
p// pressure parallel to the cover 
sc, sct coefficients for strength development in time 
ux, uy, uz displacements in x, y, z direction 
wn crack opening 
wt crack sliding 
W/C water-to-cement ratio 
γ crack inclination 
δ relative displacement between steel and concrete (slip) 
ηct strength reduction factor to account for concrete 

brittleness in tension 
ηis strength reduction factor to account for casting position 

effects 
θ inclination of compressive strut to bar axis 
λ coefficient defining the contribution of the splitting 

components 
σagg normal stress 
σsp confining stress 
τagg shear stress 
τavg bond stress averaged along anchorage length 
ϕ diameter 
ψ angle defining the crack geometry  

Fig. 2. Uniform internal pressure applied with hydraulic inflator devices: (a) instance of test setup, as described by Williamson and Clark [26]; and (b) normalized 
maximum pressure applied with inflator devices as function of the cover-to-diameter ratio, adapted from [26]. 

Fig. 1. Potential causes of spalling of the concrete cover related to steel reinforcement: (a) bond-induced spalling; (b) corrosion-induced spalling; (c) spalling related 
to bent reinforcement; (d) spalling induced by deviation forces on curved members; and (e) spalling induced by dowel action. 
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section. Other specific cases related to spalling issues (deviation forces of 
curved reinforcement or dowel action, Fig. 1c-e) will not be reviewed in 
detail in this section. 

2.1. Influence of internal pressures inside concrete 

The application of internal pressures inside openings has been a 
manner to traditionally investigate the resistance to cover spalling, see 
Fig. 2. Such approach is in addition suitable to investigate the potential 
response of corroded reinforcement, where the volumetric expansion of 
rust acts as an imposed radial displacement generating internal pres-
sures [6–8,24,25]. 

For instance, Williamson and Clark [26] inserted hydraulic inflator 
devices within openings located in 150 mm concrete cubes and used a 
manual pump to pressurize the system (Fig. 2a). The authors varied both 
the concrete cover and the diameter of the openings (8 mm and 16 mm). 
A similar study was performed by Morinaga [27] where a uniform 
pressure was applied within hollow concrete cylinders with variable 
external diameter (100, 150, 200 mm) and opening diameter (9, 19, 25 
mm). Fig. 2b presents the results of the two testing programmes [26,27]. 
As it can be observed, both programmes have consistently shown an 
increase on the resistance to internal pressures with increasing values of 
the concrete cover. In addition, it was noted that for equal thickness of 
the cover, the maximum pressure reduced with increasing diameter of 
the openings, indicating the significance of size effect. 

In addition, Allan and Cherry [28] simulated local corrosion by 
injecting oil at the interface between the bar and concrete. It should also 
be mentioned the work of Noghabai [29], in which pressure was exerted 
by an inflator placed within concrete cylinders having variable 
compressive strength and containing in some cases spiral reinforcement. 

No specific researches have however been performed so far with such 
devices on the influence of the casting position, which has been iden-
tified as a relevant parameter for the concrete tensile strength and bond 
[3]. In addition, the outlined experimental programmes were all using 
pressure-controlled hydraulic pumps (load-controlled tests) and the 
post-peak behaviour of the cover was thus not recorded in detail. Such 
response can however be instrumental in cases where potential re-
distributions of stresses can occur, as in bond failures. 

2.2. Spalling induced by bond 

Spalling of the concrete cover has been thoroughly investigated in 
the frame of bond resistance and particularly for the performance of lap 
joints. Bond stresses are initially developed by the chemical adhesion 
between steel and hardened concrete. Such adhesion is however rela-
tively low and vanishes at the onset of a relatively small bar slippage. At 
that moment, the transfer of forces by bond is ensured in ribbed rein-
forcement by the mechanical engagement between the ribs and the 
surrounding concrete (Fig. 1a). In assessing the resistance of anchored 

bars and lap splices, Tepfers [1,30,31] observed that longitudinal cracks 
appeared in the cover near failure and that these cracks were caused by 
the tensile stresses related to bond (in accordance to the tension ring 
shown in Fig. 1a). Longitudinal splitting cracks appear once the stresses 
reach the concrete tensile strength, which can be governing for the bond 
strength particularly for bars located near to the concrete surface (where 
the splitting cracks can lead to spalling of the cover). Following the 
approach of Tepfers, an analogy can be made between the bond stresses 
and a radial pressure generated by the rib action (Fig. 1a) according to 
the following relationship: 

fb = fsp⋅cotθ (1)  

where fb refers to the bond strength, fsp to the internal radial pressure 
and θ to the angle of the struts with respect to the bar axis (refer to 
Fig. 1a). Tepfers proposed that an internal angle θ = 45◦ could be 
assumed, although this value has been shown later not to be constant 
and to depend on the surface roughness (bond index) and considered 
kinematics [32]. 

The work of other researchers showed, however, that considering the 
bond strength is not only dependent on the development of inclined 
(conical) struts. For instance, Cairns [2,33] observed that the bond 
strength should be regarded as the sum of two components, one related 
to the conical struts (associated to the splitting stresses) and a cohesive 
component depending on the concrete strength. Based on a Mohr- 
Coulomb failure criterion, the bond resistance was eventually deter-
mined as: 

fb = fsp⋅cotθ+ fnsp (2)  

where fnsp refers to the bond strength related to the cohesive component 
and thus not related to the internal radial pressure leading to splitting 
stresses. It is also interesting to note that, following these researches, it 
was also established the dependence of the bond strength with respect to 
the orientation of the ribs in relation to the concrete surface where 
spalling can potentially occur. These researches showed in addition that 
spalling failures occurred when the concrete cover is smaller than three 
times the bar diameter, while pull-out failures are governing for higher 
values of the cover. 

Similar results have been obtained recently by Tirassa et al. [32] by 
using a special test equipment which allows measuring directly the in-
ternal radial pressure fsp and with a refined mechanical model which 
allows calculating the engaged stresses fsp and fb as a function of the rib 
geometry and the relative displacement between bar and concrete 
interface (slip δ and radial displacement w). Both experimental and 
theoretical results (which are in fine agreement) show that the cohesive 
component fnsp decreases rapidly with an increase of both displacements 
(δ and w) and that the angle θ decreases from approximately 50◦ for 
small radial displacements to θ ≈ 15◦ for large radial displacements w. In 
addition, since the ribs of actual reinforcement bars are not symmetrical 

Fig. 3. Influence of cover-to-diameter ratio on the spalling resistance: (a) normalized bond strength as function of the cover-to-diameter ratio and for different values 
of external pressure (pe), calculations according to an elastic-cracked-cohesive model, adapted from [38]; and (b) short pull-out tests: normalized bond strength as 
function of the cover-to-diameter ratio and the casting direction, adapted from [44]. 
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with respect to the bar axis, all parameters can depend significantly on 
the bar orientation. Further studies on the interaction between bond and 
splitting stresses were also conducted by Giuriani et al. [34] (refer also 
to [35,36]) who developed a model taking into account the confining 
actions of both the transverse reinforcement and concrete cover. These 
conclusions were also confirmed by Darwin et al. [37] and were fol-
lowed by a general approach based on limit analysis and considering the 
influence of concrete cover and transverse pressures formulated by 
Gambarova et al. [38] (refer also to [39–41]), as shown in Fig. 3a. Ac-
cording to this approach, the application of confining pressures reduces 
the influence of the concrete cover on the bond strength (as the pressure 
limits both the crack widths and their extension). In addition, as shown 
in Fig. 3a, the bond strength exhibits an upper bound related to devel-
opment of pull-out failures, as well as a shape of the resulting law in 
agreement to the cohesive component suggested by Cairns [2,33] and 
later by Malvar [42]. 

Within the frame of limit analysis, the works of Nielsen and Hoang 
[43] on spalling failure mechanisms shall also be acknowledged, as well 
as the considerations of Schenkel [44], accounting for the cracked 
response of concrete. Schenkel [45] performed in addition a compre-
hensive experimental programme on pull-out specimens (Fig. 3b), con-
firming the trends of the previous approaches, notably a potential 
cohesive component and the transition to pull-out failures. 

It is also interesting to note from the tests of Schenkel the significant 
differences observed depending on the casting direction of pull-out 
specimens (Fig. 3b). Such effect has also been reported consistently by 
other researches as [46–50] (an extensive review of this topic can be 
consulted elsewhere [51]). 

3. Experimental programme 

An experimental programme was performed at École Polytechnique 
Fédérale de Lausanne (Switzerland) to investigate on the effects of radial 
inner pressure on the spalling resistance of concrete. This programme 
consisted of both inner-pressure tests (where a controlled radial pressure 
was applied on cylindrical openings within concrete prisms) and struc-
tural tests consisting of pull-out tests on embedded reinforcement. The 
tests were addressed at completing current experimental state-of-the-art 
and were performed with refined measurements tracking the surface 
development of cracking. The tests allowed in particular for a detailed 
analysis of the relationship between failures originated by bond and 

transverse pressure, the influence of cover and casting conditions as well 
as the role of size and group effects. 

3.1. Description of test series 

Three different test series were performed within this programme:  

1. Series CM11 (Fig. 4a-d). This series was addressed at the effect of the 
concrete cover on the spalling resistance under various conditions. In 
this series, two prismatic specimens were cast with a cross section 
0.2 × 0.4 m and a length of 3.7 m. The first specimen (Fig. 4a) 
presented cylindrical 20-mm openings placed near to the top and 
bottom surfaces with variable concrete covers (clear cover c varying 
from 0.25ϕ to 3ϕ). The openings were created by placing plastic 
tubes fixed to the formwork during concreting (avoiding displace-
ments during concrete consolidation to reproduce the practical case 
where the reinforcement displacement is prevented by stiff supports) 
and removing them after hardening of the concrete. These openings 
were used to apply a radial pressure by means of a hydraulic inflator 
device later described. The second specimen (Fig. 4b) was nominally 
identical to the first one, but was cast with two layers of 20-mm steel 
bars that were tested under pull-out conditions. The bars were fixed 
to the formwork during casting and had a bond length equal to 10ϕ. 
All reinforcing bars presented two lugs at opposed sides and the ribs 
of all bars were aligned perpendicular to the direction of the cover 
(see Fig. 4d) to ensure uniform conditions amongst them.  

2. Series CM12 (Fig. 4e-f). This series was aimed at investigating the 
influence of the size of the openings on the spalling resistance and 
was performed on specimens cast with openings (as in Fig. 4a). It 
consisted of two specimens with identical cross section as series 
CM11 and a length of 3.2 m. Both specimens presented openings of 
variable diameter (from 10 mm to 40 mm) arranged near the top and 
bottom surface. The openings of the first specimen had a constant 
cover-to-bar diameter ratio (cy/ϕ) equal to 1.25, while for the second 
specimen, this ratio was kept constant and equal to 2.0.  

3. Series CM13 (Fig. 4g). This series was aimed at the influence of the 
group effect on the spalling resistance. It consisted of a 4.08 m-long 
specimens with identical cross section as the previous series. The 
specimen had 20-mm openings placed in two layers located near to 
the top and bottom surfaces with constant concrete cover (c =
1.25ϕ). Isolated top and bottom openings were used as reference 

Fig. 4. Geometry and reinforcement of the investigated series (dimensions in [mm], casting direction vertical): (a) specimen with 20 mm openings with variable 
concrete cover (series CM11); (b) specimen with 20 mm bars with variable concrete cover (series CM11); (c) cross section of prismatic specimen with reinforcing bars 
of series CM11; (d) definition of clear spacing cs and concrete cover cx, cy in horizontal and vertical direction; (e) specimen with variable opening diameter and ratio 
cy/ϕ = 1.25 (series CM12); (f) specimen with variable opening diameter and ratio cy/ϕ = 2.0 (series CM12); and (g) specimen with variable clear spacing between the 
openings and constant opening diameter and cy/ϕ ratio (series CM13). 
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tests, while the rest of the openings were arranged in groups of three 
with variable clear spacing cs between them (cs/cy ratio from 0 to 9, 
see Fig. 4g). 

Casting of the specimens was consistently performed over the 400- 
mm height, see Fig. 4. As comparable tests were performed near to the 
top and bottom surface, the effects of the casting position on the spalling 
strength [52] could be investigated systematically. In addition to the 
described openings and bars, all specimens had two 16-mm bars placed 
longitudinally at mid-height of the cross section to control potential 
transverse cracks. A summary of the main properties is given in Table 1. 

3.2. Materials 

The specimens were cast with ordinary ready-mix concrete provided 
by a local supplier. The cement was CEM II/B-LL 32.5R [53] and the 
maximum aggregate size was 16 mm. The concrete was poured in two 
layers of approximately 200 mm, with vibration of the first layer prior to 
pouring of the second one (casting and vibration conditions according to 
[54]). During casting, slump and flow tests were performed, ensuring 

the conditions of [55–57]. A slump of 140 mm was measured (corre-
sponding to class S3) as well as a flow of 480 mm (F3 class). Details on 
the composition of the concrete are summarized in Table 2. 

The concrete compressive strength was assessed by means of 30 
concrete cylinders (160-mm diameter with a height of 320 mm) cast 
with the same batch of the girders. The cylinders were later sealed and 
cured during 14 days [54], being unmoulded and stored thereafter 
under the same standard laboratory conditions as for the prismatic 
specimens (average temperature of 21 ◦C and average relative humidity 
of 50%). The cylinders were tested during the complete experimental 
programme under rapid loading conditions (with failure within 
approximately 2 min [58]), comprising also tests performed at reference 
ages (7, 14, 21 and 28 days). In addition, two direct tension tests were 
carried out on cylinders (identical dimensions as for compression tests) 
at 28 days and two additional tension tests were performed at the end of 
the experimental campaign. The compressive and tensile strength at the 
day of testing for each series was estimated on the basis of the strength 
development curve of the concrete (using the expressions provided in 
[59], with coefficients fc,28, fct,28, sc and sct resulting from best-fit of the 
test results: fc(t) = fc,28⋅exp(sc⋅(1-(28/t)0.5) and fct(t) = fct,28⋅exp(sct⋅(1- 

Table 1 
Properties and tests results of series CM11, CM12 and CM13 (ϕ: opening or bar diameter; cy: concrete cover; cs/cy: ratio between the clear spacing between multiple 
openings with respect to their cover; pmax: pressure at peak; fb: bond strength).  

Series ϕ [mm] cs/cy Top layer Bottom layer 

# cy/ϕ pmax [MPa] fb [MPa] # cy/ϕ pmax [MPa] fb [MPa] 

CM11 20 – 1 0.25 2.1 – 9 0.25 2.4 – 
2 0.50 2.7 10 0.50 5.2 
3 0.75 4.1 11 0.75 6.4 
4 1.0 4.7 12 1.0 7.8 
5 1.5 6.5 13 1.5 10.4 
6 2.0 8.4 14 2.0 13.9 
7 2.5 9.1 15 2.5 17.2 
8 3.0 – 16 3.0 19.2 
17 0.25 – 3.1 25 0.25 – 4.7 
18 0.50 3.1 26 0.50 4.9 
19 0.75 3.6 27 0.75 5.0 
20 1.0 5.1 28 1.0 5.6 
21 1.5 – 29 1.5 6.3 
22 2.0 5.6 30 2.0 – 
23 2.5 – 31 2.5 8.1 
24 3.0 7.5 32 3.0 – 

CM12 10 – 1 1.25 – – 6 1.25 11.4 – 
14 2 7.0 7 – 
20 3 6.2 8 9.5 
28 4 6.5 9 10.8 
40 5 6.1 10 8.3 
10 11 2.0 11.1 16 2.0 – 
14 12 9.2 17 16.5 
20 13 9.5 18 15.3 
28 14 7.9 19 13.1 
40 15 8.6 20 – 

CM13 20 – 1 1.25 6.9 – 8 1.25 9.6 – 
0 2 1.9 9 2.2 
1 3 – 10 4.1 
3 4 5.2 11 9.1 
4 5 5.9 12 9.7 
6.5 6 5.7 13 9.8 
9 7 5.9 14 9.5  

Table 2 
Concrete properties and strength (fc,cyl and fct given at the days of test).  

Series Test 
type 

Cement [kg/ 
m3] 

W/C 
[–] 

Aggregates [kg/m3] Retarder [kg/ 
m3] 

Superpl. [kg/ 
m3] 

Age at testing 
[days] 

fc,cyl 

[MPa] 
CoV 
[%] 

fct 
[MPa] 

CoV 
[%] 

0/4 4/8 8/ 
16 

CM11 Inflator 342 0.57 893 394 687 1.35 1.70 37–44 39.7 1.6 2.49 3.4 
Pull-out 84–91 42.3 3.9 3.45 4.2 

CM12 Inflator 47–54 40.5 2.5 2.78 – 
CM13 Inflator 54–62 41.0 2.9 2.90 –  

F. Moccia et al.                                                                                                                                                                                                                                  



Engineering Structures 237 (2021) 112188

6

Fig. 6. Main results of test series CM11 with hydraulic inflator devices: (a) maximum pressure reached within the openings as a function of the concrete cover and 
position (top or bottom layer); (b) instance of the out-of-plane displacement (uy) measured on the surface; (c) longitudinal distribution of the out-of-plane 
displacement for several load steps; (d-e) pressure as a function of the maximum out-of-plane displacement recorded on the surface (dotted lines: no recording 
available; plots to the left correspond to a zoom of the first loading stages with indication of maximum pressure). 

Fig. 5. Testing arrangement (dimensions [mm]): (a) longitudinal view of ϕ20 hydraulic inflator device; (b) longitudinal and cross-sectional view of the hydraulic 
inflator; (c) photo of an actual hydraulic inflator device; and (d) pull-out setup. 
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(28/t)0.5)). Details for each specimen are provided in Table 2. 
The reinforcement steel of the pull-out tests consisted of ϕ20 hot- 

rolled ribbed bars with a yield strength fy = 521 MPa (standard devia-
tion equal to 0.7 MPa) and a tensile strength ft = 620 MPa (standard 
deviation equal to 1.2 MPa), tested according to [60]. The surface of the 
bars was laser-scanned to obtain accurate measurements of their rib area 
and bond index (fR = 0.072 calculated according to [3]). No tests were 
performed on the 16-mm bars placed to control transverse cracking (fyk 
= 500 MPa) as they did not reach characteristic yield strength. 

3.3. Instrumentation and setup 

3.3.1. Tests with hydraulic inflator devices 
Custom-made hydraulic inflator devices of variable diameters (10, 

14, 20, 28, 40 mm) were produced to introduce a controlled radial 
pressure inside of a circular opening (Fig. 5a-c). The devices were 
inserted into openings located within concrete specimens and were 
gradually filled with water by means of a pump, providing a uniform 
radial pressure on the surface of the openings. The inflator has been 
designed to minimise the volume of introduced water in the device in 
order to reduce the amount of stored energy during loading (thus 
allowing for a lower energy release at failure and thus for a stiffer 
response of the device). Consequently, the hydraulic inflator device was 
designed with an inner stainless steel tube and an outer membrane, with 
water only filling their gap (see Fig. 5b). 

The external membrane was made of a heat-shrink tube with a 
nominal thickness of 1 mm that was mechanically processed to obtain 
the required external diameter. In general, the external diameter was set 
0.4 mm smaller than the diameter of the openings to ease their instal-
lation. The length of the membrane (193 mm) was slightly shorter than 
the total length of the openings (200 mm) to avoid development of 
bumps at their ends. The membrane water-tightness was ensured by two 
external steel rings tightened by two nuts (Fig. 5a). Tests on water- 
tightness showed that the device could resist 32 MPa of pressure 
(maximum capacity of the water pump) without any leakage or degra-
dation. Prior to testing, air has been removed completely from the 
system. 

The pressure in the device was tracked by means of a pressure gauge. 
Tests performed on air with the device showed that inflating the mem-
brane required approximately 0.3 MPa for a dilatation of the diameter 
equal to 1 mm. This pressure shows that the stiffness of the membrane is 
very low and will thus be neglected in the following. Pumping was 
performed by means of an electronic water pump (GDS ADVDPC 32 MPa 

[61]) with the following sequence: initial water flow of 8 mm3/s until a 
pressure of 0.3 MPa; reduced water flow of 3 mm3/s between 0.3 and 1 
MPa; and finally 1.5 mm3/s until failure of the concrete cover (tests with 
a typical duration of 30 min). 

3.3.2. Pull-out tests 
With respect to the pull-out tests of reinforcement, an adjustable 

steel frame was used (Fig. 5d). Before testing, the frame was centred to 
the actual location of the bar and the load was introduced by means of a 
mechanical hinge (ensuring no transferred bending moment to the bar). 
The tests were displacement-controlled, with a duration until maximum 
load of approximately 5 min. The pull-out specimens were instrumented 
with a linear variable displacement transformer (LVDT) placed at the 
unloaded-end of the bar (refer to Fig. 5d). 

3.3.3. DIC measurements 
All tests were monitored with Digital Image Correlation (DIC) using 

two pairs of high-resolution cameras (Manta G1235B with a resolution 
of 12.3 Mpix and Manta G419B with 4 Mpix) tracking the surface dis-
placements. The DIC measurements were performed at a frequency of 
0.1 Hz at low load levels and were ultimately increased to 2 Hz near 
failure. The software VIC-3D [62] was used to post-process the data, 
with a maximum error of approximately 1/25 of a pixel (93 × 93 μm2 

pixel dimension of Manta G1235B, and 116 × 116 μm2 for Manta 
G419B). 

4. Experimental results 

A summary of the measured peak pressure (pmax) and bond strength 
(fb) are presented in Table 1 for the entire experimental programme. As 
shown in Table 1, for the tests performed with the hydraulic inflator 
devices, it was not possible to reach spalling of the cover for six speci-
mens due to the premature failure of the inflator’s membrane. These 
tests will thus not be considered in the following. With respect to the 
pull-out tests, four bars could not be tested due to the presence of a pre- 
existing crack originated by a test previously performed on the opposite 
layer. 

4.1. Inner-pressure tests with the hydraulic inflator device 

4.1.1. Influence of cover 
Series CM11 aimed at investigating the effect of concrete cover and 

casting position on the spalling resistance. Fig. 6 shows the maximum 

Fig. 7. Vertical and horizontal relative displacements measured with DIC around the openings as a function of the applied pressure for specimens with different 
concrete cover (green: vertical measurement perpendicular to the free surface, orange: horizontal measurement parallel to the free surface). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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pressure recorded for this series providing also a detailed overview of 
the out-of-plane displacements measured with DIC on the top and bot-
tom surfaces. 

All tests failed by spalling of the concrete cover. As shown in Fig. 6a, 
the maximum recorded pressure increases almost linearly with 
increasing concrete cover and was consistently higher for the bottom 
position than for the top one. This latter fact indicates that the casting 
position plays a major role in the spalling resistance of the cover. Such 
effect can be explained by the reduced concrete tensile strength near to 
the top surface due to bleeding (in particular in the vertical direction, 
refer to [63]) as well as by the presence of pre-existing cracks and voids 
around the openings related to the plastic settlement of fresh concrete 
[46,52]. More details on this aspect will be discussed later. Also, the 
trends observed in Fig. 6a are in agreement with those obtained by other 
authors with similar testing devices [26,27], as shown in Fig. 2b. 

Fig. 6b shows the out-of-plane displacements of the free surface for 
an illustrative test. From such measurements, the profile of out-of-plane 
displacements along the inflator axis can be determined as depicted in 
Fig. 6c. This figure shows that the out-of-plane displacements for tests 
near to the top surface are significantly higher than the corresponding of 
the bottom layer. In general, out-of-plane maximum displacements of 
about 0.05–0.15 mm were recorded at peak load on the top surface, 
while these values were generally smaller than 0.05 mm on the bottom 
surface. 

The recorded pressure as a function of the maximum out-of-plane 
displacement is also plotted in Fig. 6d-e for the top and bottom sur-
faces and different cover-to-diameter ratios. As depicted in Fig. 6d, the 
tests on the top openings showed a relatively tough post-peak behaviour, 
particularly in case of low concrete covers. On the other hand, the tests 
on the openings of the bottom layer presented a significantly brittle post- 
peak behaviour, with a large decrease of the residual capacity for 
increasing concrete covers (Fig. 6e). In some cases, the increase of out- 
of-plane displacements was sudden and, despite the high frequency of 
measurements, it was not possible to follow the entire post-peak 

response (indicated with dotted lines in Fig. 6d-e). Interestingly, the 
residual capacity of the bottom openings seems to stabilize to values 
similar to the ones observed in the post-peak response of the top open-
ings (as both presented comparable cracking patterns and kinematics in 
the post-peak phase). 

A closer look at the evolution of the horizontal and vertical dis-
placements at the sides of the openings (instrumented with DIC) can be 
seen in Fig. 7 for some selected specimens. According to this Figure, the 
relative horizontal displacement near top openings appears to have a 
stiffer response compared to the vertical one (perpendicular to the free 
surface). The softer response in the vertical direction could be explained 
by the gradual opening with increasing inner pressure of pre-existing 
plastic settlement cracks. On the contrary, for bottom openings (in 
which casting position effects are not relevant), the relative displace-
ment in the vertical and horizontal direction are virtually identical. It 
can also be noted that the out-of-plane displacement measured on the 
surface (refer to Fig. 6d-e) corresponds to the relative vertical 
displacement uy measured at the side of the elements (Fig. 7). 

The DIC measurements performed at the sides of the elements 
allowed in addition for detailed analyses on the crack patterns and their 
evolution. Fig. 8 shows for some selected locations the measured crack 
opening (w) as a function of the applied pressure. The response observed 
is very different for top and bottom openings. Two representative cases 
of the top layer are shown in Fig. 8a-b. For these specimens, the cracks 
developed gradually, with larger crack widths near the circular open-
ings. The spalling failure mechanism was characterized by the devel-
opment of two concrete wedges formed at each side of the bar. With 
respect to the cracks, an opening was recorded even at low pressures 
(refer to graphs of points A, B, C). This implies that the cracks already 
existed prior to testing, which can be attributed to the plastic settlement 
of fresh concrete [52,64]. The phenomenon of plastic settlement has 
thus a direct impact on the position and shape of the cracks and, even-
tually, also on the failure mechanism of the investigated specimens. 

With respect to the openings of the bottom layer (Fig. 8c-d), the crack 

Fig. 8. Crack development and relative crack displacements at selected load steps and crack opening as a function of the applied pressure at selected crack locations 
(A, B, C): (a) specimen CM1106; (b) specimen CM1107; (c) specimen CM1111; and (d) specimen CM1112. 
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development was significantly different. In fact, prior to failure, only the 
vertical crack towards the surface developed, a phenomenon that 
occurred at approximately 70–80% of the maximum pressure (refer to 
graphs of point B in Fig. 8c-d). All other cracks developed suddenly at 
the peak value of the pressure. The crack propagation was thus unstable, 
showing a very brittle behaviour. It should also be pointed out that, for 
both top and bottom openings, the inclination and shape of the cracks 
was different for each test, implying a variety of potential failure 
mechanisms. 

4.1.2. Influence of size of the opening (size effect) 
Series CM12 was aimed at investigating the influence of the size of 

the openings on the spalling resistance. Fig. 9a-b depicts the peak value 
of the pressure as a function of the diameter and position of the openings 
as well as their representation in double-log scale. The out-of-plane 
displacements (based on DIC measurements) are also plotted in 
Fig. 9c-f as a function of the applied radial pressure. 

As shown in Fig. 9a-b, the maximum pressure recorded appears to 
decrease with increasing diameter of the openings. This result is 
consistent both for the top and bottom layers as well as for cover-to- 
diameter ratios of 1.25 and 2.0. In addition, it can be noted that the 
strength decrease with increasing size is more pronounced for larger 
cover dimensions (Fig. 9b). These observations give evidence of the 
significance of size effect when dealing with spalling failures. The 
measured slopes of the size effect in double-log scale for the specimens 
with small cover (c/ϕ = 1.25) leads to an approximate slope of − 1:5 for 
bottom openings and to a slope of − 1:10 for top openings. This is in 

accordance with a significantly more brittle response for bottom open-
ings. These slopes are in any case clearly milder than the one corre-
sponding to a behaviour governed by linear-elastic fracture mechanics 
(− 1:2) according to the size-effect law for bond [65]. They indicate thus 
that nonlinear fracture mechanics is governing for the response in the 
range of parameters investigated and that some level of redistribution of 
internal stresses is potentially possible (as for shear-related failures 
[66,67]). Insufficient experimental data is however available for a 
complete analysis of the associated size-effect law [65]. With respect to 
the tests with larger cover (c/ϕ = 2.0), the measured slopes are higher, 
− 1:3 for bottom openings and − 1:5 for top openings, corresponding to a 
more brittle response (this is also consistent with the more brittle 
behaviour shown in Fig. 6d-e). As for the low concrete cover specimens, 
the response of openings located at the bottom is observed again to be 
more brittle (associated to higher slopes of the size effect in double-log 
scale). 

In a similar manner as for series CM11, the openings located near to 
the top surface exhibited in all cases smaller peak pressures compared to 
the openings of the bottom layer. This observation shows again the 
significance of the casting position effects on the spalling resistance. 

Fig. 9c-f presents the load - out-of-plane displacement relationships 
at the location where the peak value of such displacement was reached. 
Here again, the tests on the top openings showed a higher out-of-plane 
displacement at peak pressure and a more ductile behaviour compared 
to the openings of the bottom layer. However, it seems that larger 
opening diameters (for instance ϕ = 40 mm) were associated in almost 
all cases to lower out-of-plane displacements at failure and to a more 

Fig. 9. Main results of test series CM12: (a-b) maximum pressure as a function of their diameter and position (top or bottom layer) for cy/ϕ = 1.25 and cy/ϕ = 2.0 as 
well as representation in double-log scale; (c-f) applied pressure as a function of the maximum out-of-plane displacement recorded on the surface (top or bottom 
layer) for a cover-to-diameter ratio of 1.25 and 2.0. 
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brittle post-peak response for both the top and bottom position. With 
this respect, it has to be observed that the enhanced brittleness could 
however be also partly attributed to the energy stored in the larger 
volume of water stored in the inflator device. 

4.1.3. Influence of disturbance spacing (group effect) 
Series CM13 was addressed at investigating the influence of the 

group effect on the spalling resistance of the cover. Fig. 10a displays the 
maximum pressure recorded for different values of the clear spacing cs 
when compared to a reference (isolated) opening (shown with dashed 
lines). A representative cracking pattern with the associated displace-
ments is also shown in Fig. 10b. 

As depicted in Fig. 10a, for groups of widely spaced openings (cs/cy 
> 3), the peak strength reaches similar values as the one of the 

Fig. 12. Bond response and out-of-plane displacement as function of the slip at the unloaded end of the bars (dotted lines: no recording available): (a) top layer; (b) 
bottom layer. 

Fig. 11. Main results of the pull-out tests of series CM11: (a) bond strength averaged over the anchorage length as a function of the concrete cover and bar position 
(top or bottom layer); (b) slip measured at the peak bond strength as a function of the concrete cover and bar position. 

Fig. 10. Main results of test series CM13: (a) maximum pressure as a function of their clear spacing and opening position (top or bottom layer); and (b) specimen 
CM1304: crack development and relative crack displacements at selected load steps and vertical (Δuy) and horizontal (Δux) relative displacement at each opening. 
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references with single openings both for top and bottom casting posi-
tions (represented with horizontal dashed lines in the Figure). For lower 
values of the opening spacing (cs/cy < 3), the resistance is however 
reduced. This result clearly indicates that the group effect has an in-
fluence on the spalling resistance of the cover. 

With respect to the detailed cracking pattern shown in Fig. 10b for a 
specimen influenced by the group interaction (specimen CM1304 with 
cs/cy = 3), the crack development differs significantly from that of iso-
lated openings (see for instance Fig. 8). The failure surface develops with 
a horizontal crack between the different openings and two inclined 
cracks at the sides plus a quasi-vertical crack (Fig. 10b). As for isolated 
disturbances, for group of bars, a clear difference is also observed in 
terms of strength for top and bottom openings, with lower spalling re-
sistances associated to the top position. 

4.2. Pull-out tests 

With respect to the pull-out tests with embedded length 10ϕ, Fig. 11 
depicts the bond strength fb averaged over the anchorage length and the 
corresponding slip at peak load δpeak (measured at the unloaded end of 
the bars) as a function of the cover-to-diameter ratio. The location of the 
bars with respect to the casting direction (top or bottom layer) as well as 
the observed failure mode (spalling or pull-out) are also indicated with 
different colours and symbols. 

As shown in Fig. 11a, the bond strength increases for increasing 
cover of the bars. Such increase seems to follow an almost linear trend, 
both for the top and bottom reinforcing bars. It can be noted that, even 

for low values of the concrete cover, a significant bond strength is 
observed, in accordance to the observations of Cairns and Jones [2]. 
Spalling failures occurred for cover-to-diameter ratios lower than 
approximately 1.5–2.0. For higher values, pull-out failures were 
observed (as also reported by Schenkel [44,45] on short pull-out spec-
imens, refer to Fig. 3b). 

With respect to the influence of casting conditions, top bars were 
observed to provide lower bond strength than the corresponding bottom 
bars, indicating poorer bond conditions. This response can be attributed 
to the phenomena of bleeding and plastic settlement [52]. The latter 
(plastic settlement) is responsible for creating continuous voids under 
the reinforcement [46,52] as well as inclined cracks reaching the surface 
[68]. The former (bleeding) influences mostly the tensile resistance of 
concrete in the top region and can also create large pores under bars or 
aggregates [63]. 

With respect to the slip measured at peak load (Fig. 11b), it can be 
noted that it tends to increase for increasing values of the concrete cover. 
The phenomenon is however somewhat scattered. Also, the top layer of 
reinforcement presents larger slips at peak compared to the corre-
sponding bottom layer. This observation can be related to the presence 
of voids under the bars originated by plastic settlement that requires 
some slip of the bar to engage the ribs, as discussed more in detail in the 
following. 

Fig. 12 relates the average bond stress, the slip recorded at the 
unloaded end of the bars and the out-of-plane displacement of the sur-
face (measured with the DIC at the centre of the bond length). Both 
results for the top layer (Fig. 12a) and bottom layer (Fig. 12b) are 

Fig. 13. Out-of-plane displacement (uy) at failure measured on the surface: (a) specimen CM1119 at peak load; (b) specimen CM1124 at peak load; and (c) lon-
gitudinal distribution of the out-of-plane displacement for several load steps and for all pull-out tests. 

Fig. 14. Idealized model for radial pressure: (a) idealized cover spalling mechanism; and (b) assumed stress distribution along the cracks.  
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presented. It should be noted that it was not possible to record the 
complete post-peak behaviour at the surface (measured with DIC) due to 
the significant spalling of the cover once the peak bond strength is 
reached. On the contrary, the LVDT (placed at the unloaded end of the 
bar) recorded the slip for the entire post-peak response of most of the 
bars (refer to Fig. 12). 

As shown in Fig. 12a, bars placed in the top layer start to slip at low 
values of the applied load. This occurs in addition for an almost negli-
gible out-of-plane displacement (particularly for low values of concrete 
cover), implying that early slip of the bar can occur without developing 
significant transverse pressures. Such observation can be justified, as 
previously discussed, by the presence of voids originated by plastic 
settlement and located under the bars (reducing the contact area be-
tween the bar and the surrounding concrete and requiring some level of 
slip to centre the bar and to engage mechanical contacts [69]). With 

respect to the bottom reinforcement (Fig. 12b), the voids associated to 
plastic settlement are negligible and the response is much stiffer, with 
low slip at early loading stages. In addition, small slips of these bars are 
accompanied by an out-of-plane displacement on the surface, indicating 
an almost perfect engagement between the bar and the surrounding 
concrete from the beginning. 

With respect to the post-peak response, the bottom bars showed a 
relatively brittle response, Fig. 12b, with a sudden drop of resistance 
once the maximum load was reached. Also, it can be noted that the tests 
characterized by pull-out failures (cy/ϕ ≥ 3.0 in the top layer, cy/ϕ ≥ 2.5 
in the bottom layer) exhibit a less brittle behaviour and a larger residual 
strength compared to test failing by spalling of the concrete cover. 

The measured out-of-plane displacements are presented in Fig. 13. 
The observed profiles are relatively different to those of inner-pressure 
tests, with maximum values concentrated at the loaded end of the bar, 

Fig. 15. Spalling failure mechanism in case of multiple openings closely spaced: (a) case with three openings; and (b) case with large number of openings.  

Fig. 16. Main results of the proposed models (refer to Eqs. (10), (14), (17)) for the entire results of the experimental programme (triangle markers): (a) model for top 
and bottom openings with variable concrete cover (series CM11); (b) model for top and bottom openings with variable diameter (series CM12, c/ϕ = 1.25); (c) model 
for top and bottom openings with variable diameter (series CM12, c/ϕ = 2.0); and (d) model for top and bottom openings with variable spacing (series CM13). 
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which can be explained by the higher slips in this region. Fig. 13c shows 
the distribution of the out-of-plane displacements measured on the 
surface along the reinforcing bars for selected load steps. The overall 
out-of-plane displacements seem to increase with increasing concrete 
cover, both for top and bottom bars. Just before failure, near to the 
loaded end, large values of the out-of-plane displacement were recorded 
(uy above 0.2 mm) indicating that concrete in tension was in its softening 
regime and that stress redistributions potentially occurred. In addition, 
some discontinuities can be observed near to the loaded ends (probably 
related to the development of conical cracks around the bar and 
reaching the surface, as observed by Goto [70]). Differently to the tests 
with the hydraulic inflator device, the out-of-plane displacements were 
similar for top and bottom bars. 

5. Design approach for spalling failures due to the application of 
an internal pressure 

On the basis of the previous considerations, a simplified approach 
can be proposed to assess the spalling strength of bars located near the 
concrete cover, which is a relevant design issue since similar radial 
pressures occur in case of bond or for corroded reinforcement. This 
approach is consistent with previous simplified models [16,43,44], 
assuming a given geometry for the crack surface and an average strength 
of the concrete cover in tension. 

5.1. Geometrical parameters 

Based on the observations of the crack development and kinematics, 
the spalling failure mechanism is assumed to be characterized by two 
concrete wedges developing a translation movement and a rotation due 
to the pressure applied, refer to Fig. 14a. 

In this approach, it is assumed that cracks develop from a point 
located at an angle ψ with respect to the mid-height of the openings and 
have a linear shape characterized by an inclination γ. As previously 
shown in Fig. 8, the angle at which these cracks develop is highly var-
iable, both for top and bottom openings. As a simplification of all these 
cases, the γ angle is set to a constant value assumed such that sinγ = 0.60 
(γ ≈ 37◦). 

5.2. Stress distribution and equilibrium of forces 

The potentially variable distribution of the tensile stresses along a 
crack (Fig. 14b) is simplified in the following by assuming an average 
value of the tensile stress equal to σt = ηct⋅fct, where ηct accounts for the 
concrete brittleness in tension and is taken equal to 0.8 (expression 
considered valid for concrete strengths up to 50 MPa according to [16]). 
In the following calculations, the mean tensile strength measured in the 
experimental programme is considered for the definition of fct (values 
outlined in Table 2). As shown in Fig. 14b, the vertical component of the 
concrete tensile stresses is given by: 

ηct⋅fct⋅cosγ (3)  

and the length over which it develops corresponds to: 
(

cy + ϕ /2⋅(1 − sinψ)
)/

sinγ (4) 

The equilibrium condition of the forces acting in the vertical direc-
tion leads to: 

p⋅
ϕ
2

⋅cosψ =
ηct⋅fct

tanγ
⋅
(

cy +
ϕ
2

⋅(1 − sinψ)
)

(5)  

so that: 

p =
ηct⋅fct

tanγ
⋅
2cy/ϕ + (1 − sinψ)

cosψ (6) 

According to limit analysis, the governing failure mechanism can be 
obtained by minimizing: 

F(ψ) = 2cy/ϕ + (1 − sinψ)
cosψ (7)  

so that: 

sinψ =
1

1 +
2cy
ϕ

(8)  

which allows determining the load carrying capacity as: 

p =
ηct⋅fct

tanγ
⋅2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
cy

ϕ
+
(cy

ϕ

)2
√

(9) 

It can be noted that when cy/ϕ is large, the optimum value is ob-
tained with ψ ≈ 0◦, which corresponds to: 

p =
ηct⋅fct

tanγ
⋅
(

1 +
2cy

ϕ

)

(10) 

Such response is relevant when concrete covers are large, but could 
also be governing in case pre-existing cracks are present (for instance 
due to plastic settlement near top bars, refer to Section 4.1 and Fig. 8a-b) 
and govern the shape of the failure surface. In the following, the 
formulation of Eq. (9), in which the angle ψ is optimized, is further 
developed, but considerations will also be performed on the case of ψ =
0◦. 

5.3. Consideration of size effect 

The experimental programme has confirmed that peak pressures 
decrease with increasing size of the openings (refer to Fig. 9), giving 
evidence of the significance of size effect for spalling failures. This effect 
is related to the tensile strength of the cover, but also to the opening of 
the cracks in cases of stable crack opening [66,67] (where larger sizes 
are associated to larger crack openings and thus to a lower residual 
tensile strength of concrete). On this basis, Eq. (9) is corrected to account 
for this effect, adopting the same parameter as for shear-related cases 
according to prEN 1992-1-1:2018 [71]: 

p =
ηct⋅fct

tanγ
⋅2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
cy

ϕ
+
(cy

ϕ

)2
√

⋅
(

ddg

ddg0
⋅
ϕ0

ϕ

)1/m

(11)  

where ddg0 = 32 mm and ϕ0 = 20 mm (reference sizes). It can be noted 
that the size effect factor accounts for the maximum aggregate size and 
the bar diameter [71]. This dependence is a simplified approach, as 
other potentially influencing parameters (for instance the concrete 
cover) are not explicitly considered. By simplifying the reference sizes, 
the previous equation becomes: 

Fig. 17. Comparison of test series CM11 and proposed models with available 
tests performed with hydraulic inflator devices taken from the litera-
ture [26,27]. 
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p =
ηct⋅fct

tanγ
⋅2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
cy

ϕ
+
(cy

ϕ
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√

⋅
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(12)  

where the ddg parameter is an average roughness whose value can be 
calculated as [72]: 

ddg = min(40 mm; 16+ dg) for fc⩽60 MPa (13)  

where dg corresponds to the maximum aggregate size. The value of 
exponent m corresponds to the slope of the size effect law observed in 
the double-log scale diagram of Fig. 9. Its value is assumed in the 
following equal to 3 according to prEN 1992-1-1:2018 [71] for similar 
problems. This leads to a constant slope of the size effect in double-log 
scale equal to − 1:3, which was observed to be a safe estimate of the 
results shown in Fig. 9 for the range of typical dimensions related to the 
bond phenomenon. 

5.4. Considerations on casting position and tensile strength 

Consistently to the experimental results by other authors [44,47], it 
has been observed in this testing programme that the casting position 
had a significant influence on the spalling resistance. As previously 
discussed, this influence can be attributed to the phenomena of bleeding 
and plastic settlement. Bleeding reduces mostly the concrete tensile 
strength (especially in the vertical direction due to the presence of pores 
under coarse aggregates [63]), while the plastic settlement is associated 
to the initiation of cracks around the bar. For design purposes, it is 
suggested to account for them by means of an additional strength 
reduction factor (ηis): 

p =
ηis⋅ηct⋅fct

tanγ
⋅2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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)2
√

⋅
(

ddg

1.6ϕ

)1/m

(14) 

On the basis of the test results presented in this paper, it will be 
adopted in the following a constant reduction factor ηis = 0.6 when the 
disturbances are located in the top layer. As it can be noted, the 
consideration of both ηis and ηct reduces the concrete tensile strength to a 

value of approximately 0.5fct (as ηis × ηct = 0.48 ≈ 0.5). This is consistent 
with the distribution of spalling forces according to the tests presented in 
this paper (refer to Appendix A for comparisons for selected specimens). 
Although some future work would be required to lead to a more 
comprehensive definition of this parameter, such approach gives 
consistent agreement to the different cases, as it will later be shown. 

5.5. Consideration of multiple disturbances 

The experimental programme has also shown the detrimental effect 
of groups of narrow-spaced disturbances (Fig. 10b). In these cases, the 
failure surface of one disturbance can intersects those of the surrounding 
elements, resulting in the development of horizontal cracks amongst 
them. Therefore, the spalling failure mechanism presented in Fig. 14 is 
adapted to account for the group effect, as illustrated in Fig. 15. 

In this case, it can be noted that the governing solution is close to ψ ≈
0◦ as the interaction between the failure surfaces of the individual bars 
takes place for sufficient depth of the concrete cover. In the following, 
Eq. (10) will thus be adopted for consideration of multiple disturbances. 

Based on geometrical considerations of Fig. 15, one can compute the 
spacing leading to a group effect as: 

cs,lim = 2⋅
cy + ϕ/2

sinγ
⋅cosγ =

2cy + ϕ
tanγ

(15) 

Considering a number of n disturbances at a spacing lower than cs,lim, 
the resistance will result: 

n⋅p⋅ϕ =
2⋅ηis⋅ηct⋅fct

tanγ
⋅
(

cy +
ϕ
2

)
⋅
(

ddg
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)1/m
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(16)  

p =
ηis⋅ηct⋅fct

n⋅ϕ
⋅
(

2cy + ϕ
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+ (n − 1)⋅cs

)

⋅
(

ddg

1.6ϕ
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(17)  

Fig. 18. (a) Idealization of bond strength by means of splitting components p⊥ and p//; (b) measured average angle of the struts θ as function of the slip δ; (c) 
measured angle θ at peak bond strength for the top bars of series CM11 and comparison to assumed values of θ; and (d) measured angle θ at peak bond strength for 
the bottom bars of series CM11 and comparison to assumed values of θ. 
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5.6. Comparison to test results 

The results of the experimental programme are compared in Fig. 16 
to the spalling resistance calculated on the basis of the proposed 
approach for single openings (Eq. (14)) and for multiple openings (Eq. 
(17)). The results show sound agreement with an average of measured- 
to-calculated strength of 1.02 and a Coefficient of Variation of 12.3%. If 
a constant value ψ = 0◦ were adopted, the overall average becomes 0.98 
and the Coefficient of Variation is 12.7%. In general, significant differ-
ences between both approaches are only notable for low values of c/ϕ 
(<1.0), refer to Fig. 16a. 

In addition, the results of the test series CM11 (variable cover-to- 
diameter ratio) are compared to the experimental findings of Wil-
liamson and Clark [26] and Morinaga [27]. As shown in Fig. 17, the 
results of the latter authors follow a similar trend as for the top openings 
of series CM11 (despite the differences in the diameter of the openings, 
the dimensions of the specimens, loading rates and that the casting 
position and direction are not specified). With this respect, the series of 
Williamson and Clark and of Morinaga were performed on specimens 
with small dimensions (150–200 mm), leading to comparable conditions 
as for openings in the upper part of series CM11. 

6. Design proposal for pull-out spalling failures 

The tests on pull-out specimens showed a complex response in 
which, just before failure, the out-of-plane displacements were highly 
variable. According to the performed measurements (refer to Fig. 13), 
some regions presented out-of-plane displacements larger than those 
developed at peak strength for tests performed with inflator devices 
while other regions showed relatively low values. Based on these ob-
servations, indicating potential stress redistributions between different 
regions, the phenomenon of cover spalling due to bond engagement is 
investigated in this section on the basis of a simple mechanical 
approach. The approach integrates the information on the response of 
openings subjected to an internal pressure (as presented in the previous 
section) by accounting for the observed out-of-plane displacements in 
pull-out tests. 

Following the idealization by Tepfers, it is assumed in the following 
that the response of a bar being pulled-out is governed by two compo-
nents, one depending on the pressure developing perpendicular to the 
cover (p⊥) and another depending on a pressure acting parallel to the 
cover (p//), see Fig. 18a. According to this consideration, equation (1) 
proposed by Tepfers [1,30,31] can be rewritten as follows: 

fb = λ⋅p⊥⋅cotθ⊥ + (1 − λ)⋅p//⋅cotθ// (18)  

where coefficient λ denotes the part of bar perimeter associated to each 
component, that will be set in the following equal to 0.5 for simplicity 
purposes (future work on this value is however advised to address in a 

consistent manner the influence of rib orientation and shape). 
In absence of specific measurements, it will also be assumed in a 

simplified manner that cotθ⊥ = cotθ// = cotθ, leading to: 

fb =
(

λ⋅p⊥ + (1 − λ)⋅p//

)
⋅cotθ (19) 

The values of the angle θ (angle between the compressive struts and 
the bar axis, refer to Fig. 1a) can be obtained from the measurements 
performed in the experimental programme. To do so, the measured out- 
of-plane displacements uy are used to compute the corresponding radial 
pressure p (which is assumed to account for its two components, i.e. p =

λ⋅p⊥ + (1 − λ)⋅p//). This is performed by using the p-uy measurements 
obtained with the inflator devices shown in Fig. 6d-e and considering the 
difference on the tensile strengths for the two series (refer to values in 
Table 2). Such value can be eventually associated to a given bond stress 
(Fig. 12) allowing to determine the τ – p relationship and consequently 
the values of θ (by using Eq. (1)). Instances of the calculated angle θ as a 
function of the slip of the bars δ are shown in Fig. 18b for the complete 
loading process (case of top bars). From these measurements, it is also 
possible to select the value of θ at maximum bond strength for each 
investigated specimen (indicated as bullets in Fig. 18b). 

The results referring to the angle θ at maximum bond strength ob-
tained following this procedure are depicted in Fig. 18c-d for top and 
bottom bars, respectively. As it can be noted, the angle θ is relatively 

Fig. 19. Main results of the proposed models (dotted lines) and comparison to the pull-out tests performed in current study (triangles and circle markers, series 
CM11): (a) case with angle of the struts θ constant; and (b) case with θ variable. 

Fig. 20. Influence of casting position effects on the spalling resistance, adapted 
from [52]: (a) observed cracks types in the region near the top surface (free 
surface during casting), cracks related to plastic settlement and reduction of the 
concrete tensile strength due to bleeding; and (b) region near the bottom 
formwork without cracks due to settlement and without major pores due 
to bleeding. 
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constant for the different cy/ϕ ratios (except for low values of this ratio). 
Also, a difference between top and bottom bars can be observed, with 
higher values at failure for bottom bars. As a first estimate of θ, a 
simplified (constant) value of the angle θ can thus be adopted based on 
the measurements (Fig. 18c-d) as follows: 

θ = 50◦ (top bars)
θ = 55◦ (bottom bars) (20) 

For a more accurate evaluation of this angle, is it also possible to 
consider the influence of the ratio cy/ϕ (Fig. 18c-d): 

θ = 40◦ + 20⋅ln
(

1 +
c
ϕ

)
⩽50◦ (top bars)

θ = 45◦ + 20⋅ln
(

1 +
c
ϕ

)
⩽55◦ (bottom bars)

(21) 

For evaluation of Eq. (19), the pressure acting perpendicular to the 
cover p⊥ (related to the radial pressure induced by the wedging action of 
the ribs) can be estimated on the basis of the pressure p determined with 
the formulations derived for the case of the application of an internal 
pressure (refer to Eqs. (14) and (17) for an optimized value of ψ or to Eq. 
(10) for ψ = 0◦). With respect to the pressure acting parallel to the 
concrete cover (p//), it is likely to be dependent on the geometry and 
spacing of the ribs, as well as the state of cracking surrounding the bar. 
The measurements performed in the experimental programme did not 
allow for an accurate estimate of this parameter. In the following, for the 
case investigated experimentally (ribs oriented toward the free surface), 
a simplified value will be assumed: 

p//,top = ηis⋅p//,bot
p//,bottom = 6.0 MPa (22)  

where a distinction is made between top and bottom bars, by consid-
ering the casting position effects ηis = 0.6. 

Based on these considerations, the bond strength at failure can be 
computed in a simple manner. To do so, Eq. (19) can be used with either 
constant (Eq. (20)) or variable (Eq. (21)) angles of the struts and the 
formulations presented in Eqs. (10), (14) and (17) for the radial pressure 
p⊥ as well as Eq. (22) for the pressure p//. This approach is compared in 
Fig. 19 to the results of current experimental programme. The pre-
dictions show consistent agreement with the observed trends of the 
spalling failures in pull-out conditions. With respect to the formulation 

with constant values of θ (Fig. 19a), the average of the measured-to- 
calculated strength results 1.07 with a Coefficient of Variation equal 
to 14.0% when the angle ψ is optimized. If the angle ψ = 0◦ is used (Eq. 
(10)), the average becomes 1.0 and the scatter is lower (Coefficient of 
Variation of 11.2%). 

When the angle θ is considered as variable (see Eq. (21) and 
Fig. 19b), the formulation of Eq. (19) gives an average of measured-to- 
calculated strength of 1.01 and Coefficient of variation of 9.9% for an 
optimized value of ψ . In this case, if ψ = 0◦ is adopted, the average 
becomes 0.95 and the Coefficient of Variation is equal to 10.0%. 

As it can be noted, the trends are suitably reproduced in all cases. 
Additional experimental evidence should however be considered for a 
more comprehensive definition of the angle θ and the component p//. 

7. Conclusions 

This paper presents the results of an investigation on the spalling of 
concrete cover induced by an internal radial pressure (as can be 
generated for instance by expansion of rust due to bar corrosion) or by 
bond in reinforced concrete. The phenomenon is investigated by means 
of detailed measurements on a series of tests performed with hydraulic 
inflator devices as well as on pull-out tests of embedded reinforcement. 
On that basis, the mechanisms triggering failure are identified and 
reproduced by means of simple mechanical models. The main findings of 
the paper are summarized below: 

1. The spalling response is observed to be relatively different for ele-
ments cast in the top and bottom layers due to the phenomena of 
bleeding and plastic settlement of fresh concrete. Plastic settlement 
generates cracks radiating from top bars to the surface, which can 
progress when an internal pressure is applied and eventually become 
part of a spalling mechanism. Such cracks do not exist on the con-
trary for bars located near a bottom surface. Bleeding is also asso-
ciated to a lower tensile strength of the concrete near to the top 
casting surface, reducing the spalling strength with respect to bars 
located near to the bottom surface.  

2. An analysis of the crack propagation leading to spalling failures 
shows a more brittle response for elements in the bottom layer when 
a pressure is applied inside an opening. In this case, failure occurs by 
a sudden development and propagation of cracks (only quasi-vertical 

Fig. 21. Resultant of the integration of the shear and normal stresses along the crack at failure according to Cavagnis [72] (wn: crack opening, wt: crack sliding, τagg: 
shear stresses, σagg: normal stresses, fv: vertical force per unit length): (a) specimen CM1105; and (b) specimen CM1106. 
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cracks can develop in a stable manner). On the contrary, for elements 
in the top layer, the presence of existing cracks due to plastic set-
tlement allows for their controlled propagation until failure. This is 
associated to a less brittle response.  

3. The difference of the response of top and bottom layers in terms of 
brittleness is also confirmed by means of an analysis of the size effect 
significance when an internal pressure is applied in the openings. For 
bottom bars, the observed slopes of the size effect in double-log scale 
for the cases investigated (in the range corresponding to practical 
design situations) reach values ranging between − 1/5 and − 1/3, 
while the slopes range between − 1/10 and − 1/5 for top bars. These 
values are in any case milder than the asymptotic slope corre-
sponding to linear-elastic fracture mechanics (-1/2) and confirm that 
for practical design purposes, adopting a constant slope equal to − 1/ 
3 (as performed by prEN1992-1–1:2018 for similar cases) is a 
reasonable and safe choice.  

4. A model to assess the spalling resistance against a uniform radial 
pressure is proposed and validated on the basis of the results and 
observations of the experimental programme. The model is based on 
a simplified geometry and stress profile of the failure surface, 
consistently with the analysis performed on actual cracking patterns, 
and accounts as well for the casting position, size and group effects.  

5. Differently to tests subjected to a uniform radial pressure (showing a 
rather constant out-of-plane displacement along the location where 
the pressure is applied), pull-out tests show a non-uniform profile of 
out-of-plane displacements along the bar. Just before failure, some 
regions display relatively high out-of-plane displacements (associ-
ated to regions in softening) while others have low values. This in-
dicates that stress redistributions can potentially occur.  

6. The analysis of the out-of-plane displacements of pull-out tests and 
its comparison to inner-pressure tests allows estimating the angle of 
the compression struts transferring forces by bond. Based on these 
measurements together with an estimate of the acting pressures, a 
simple approach can be proposed to assess the spalling strength of 
pull-out bars. Such approach shows consistent agreement to experi-
mental evidence and opens a field for future modelling of bond. 
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Appendix A. Analysis of spalling failures based on detailed 
measurements of crack development 

The use of DIC measurement techniques allowed for accurate ob-
servations of the behaviour of the concrete cover and crack propagation 
at the sides of the members. With respect to tests performed with the 
hydraulic inflator device, the crack propagation occurred in a stable 
manner for most of the tests in the top casting position (except for large 
diameters of openings). However, the propagation was unstable and 
very brittle for bottom bars (and large diameters openings). In this 
section, the recorded crack openings and kinematics of the tests per-
formed with the inflator device are used to investigate on the state of 
stresses developed in the failure region (information later used to 
develop a design model). 

A.1. Tests with stable crack propagation 

As previously discussed (refer to Fig. 8), different types of cracks 

leading to spalling failures were observed: i) cracks inclined towards the 
free surface, ii) quasi-vertical cracks connecting to the free surface and 
iii) sub-vertical cracks opposed to the free surface. When the openings 
are located near to the top surface, cracks of the first two types were 
already present after casting due to plastic settlement (Fig. 20a) 
[46,52,68]. Similar patterns were also observed when the disturbances 
were located near the bottom surfaces, but the cracks did not open until 
some level of internal pressure was reached (Fig. 8c-d). In fact, in the 
region near the bottom formwork, the concrete surrounding the opening 
was not influenced by any previous cracking or reduction of the tensile 
strength related to bleeding and plastic settlement (Fig. 20b). 

On the basis of the crack shape and kinematics, an estimate of the 
stresses transferred through the cracked surfaces can be obtained. This 
will be performed following the methodology presented by Cavagnis 
et al. [72] (refer also to Campana et al. [73]) for shear cracks. This 
approach [72] accounts for the recorded crack opening (wn) and sliding 
(wt) at every point of a crack. On this basis, the residual tensile strength 
(depending on wn) and the contact stresses associated to aggregate 
interlocking (depending on wn and wt) can be determined by means of 
suitable constitutive laws (Reinhart for the residual tensile strength [74] 
and expressions consistent with the Two-Phase Model by Walraven [75] 
for the interlock contribution). By integration of such stresses, the 
transferred forces across the crack can eventually be determined. 
Fig. 21a-b shows an instance for two representative cases (specimens 
CM1105 and CM1106) analysed with this methodology. 

As shown in Fig. 21, different responses can be observed depending 
on the shape and kinematics of the cracks, with contributions to the 
spalling resistance both of shear (associated to crack sliding) and normal 
stresses (associated to crack opening). In addition, it can be noted that 
the cracks are not fully developed at peak load until the free surface, 
implying the presence of an uncracked concrete region potentially 
contributing to the spalling resistance (but whose contribution cannot 
be determined since the measurement of the strains in the uncracked 
zone was not sufficiently accurate). 

With respect to the distribution of the vertical stresses resulting from 
the normal and tangential stresses acting on the crack surface at failure, 
it appears that the ratio fv/fct varies around a value of approximately 0.5 
(despite some level of scatter, see Fig. 21). This indicates that a reduced 
strength should be considered when assessing the spalling resistance of 
openings near the top surface. In addition, the horizontal position of the 
resultant of stresses varies between values of approximately 0.8–1.2 ×
cy. 

It should be pointed out that the analyses have been performed on 
the basis of measurements on one side of the member and a potential 
variation through the thickness of the element is possible. However, 
Cavagnis et al. [76] noticed that the variations observed within the 
member’s width on the shape of the failure surface transferring shear 
forces, leads in general to a limited influence on its overall load-carrying 
capacity. 

A.2. Tests with unstable crack propagation 

For the tests performed near to the bottom surface, the observed 
shapes of the cracks were comparable to those performed near to the top 
surface. However, except for the quasi-vertical crack, all cracks pre-
sented almost negligible opening before the peak pressure was attained, 
when they followed a sudden and unstable propagation (Fig. 8c-d). In 
this case, the response can be assumed to be governed fundamentally by 
fracture mechanics considerations (although the asymptotic size effect 
of linear-elastic fracture mechanics does not apply for the investigated 
cases as previously discussed) and no conclusions can be drawn on the 
analysis of the crack surfaces. It is yet interesting to note that, despite the 
relatively different phenomenon triggering failure, comparable trends to 
those of tests failing with stable crack propagation were observed. This 
can for instance be seen in Fig. 9 for the large bar diameter in top po-
sition (failing by unstable propagation but with a trend comparable to 

F. Moccia et al.                                                                                                                                                                                                                                  



Engineering Structures 237 (2021) 112188

18

the other tests on top position failing with stable crack propagation). 
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Zugschlaufenstössen. Deutscher Ausschuss für Stahlbeton, Heft 226, Berlin- 
München, Germany, 1973. p. 1–22. 

[11] Stucki D, Thürlimann B. Versuche an Eckverbindungen aus Stahlbeton. Institut für 
Baustatik und Konstruktion, ETH Zürich, Switzerland, Nr. 8701-1, 1990. p. 1–68. 

[12] Franz G, Fein HD. Tests on R/C Culvert and Tunnel Lining, 2nd test series 
(‘Betonversuche mit Baustahlgewebe-Bewehrungen für Rohre und 
Tunnelverkleidungen, Versuchsreihe 2’). Baustahlgewebe Berichte aus Forschung 
und Technik, Heft 8, Düsseldorf-Oberkassel, Germany, 1971. p. 52. 

[13] Fein HD, Zwissler U. Accomodating Deviation Forces of Curved Reinforcing Bars 
with Concrete (‘Aufnahme von Umlenkkräften aus stetig gekrümmten 
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