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Abstract. High-voltage electricity pylons are anchored in concrete foundations,
which are mainly subjected to pull-out and compression loads. Under these loads,
concrete aging and pathologies can lead to mechanical stability issue, and even
failure. The alkali-silica reaction is a possible pathology that can be encountered
in this type of structure. The aim of this work is to propose a method to analyze
the mechanical behavior of the foundation affected by ASR under pylon pull-out.
ASR is introduced, and an experimental protocol is proposed to create it in the
mortar. A pylon pull-out test from a small-scale mortar foundation is carried out
directly in an X-ray tomograph. This so-called in-situ test, coupled with computed
tomography (CT), enables the force-displacement curve and failure modes to be
analyzed. The test has already been carried out on sound mortar and will be ex-
tended to mortar affected by ASR. It will then be possible to deduce the influence
of ASR on foundation failure modes.

Keywords: Concrete Foundation, Alkali-Silica-Reaction (ASR), In-situ Pull-out

Test, Computed Tomography (CT)

1 Introduction

The construction of concrete foundations and the installation of pylons began in the
early 20th century. These electricity pylons lie on concrete foundations consisting of a
chimney and a succession of concrete slabs, as shown in Fig. 1.

Fig. 1. Typical concrete foundations of high-voltage electricity pylons.
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Under pull-out, concrete ageing and the development of pathologies can lead to me-
chanical instability problems up to failure. Alkali-silica-reaction (ASR) is a severe pa-
thology that can be found in existing foundations.

Few studies have been carried out to predict the failure of concrete foundations under
pylon pull-out, either experimentally or in terms of modeling and numerical simulations.
Some authors (e.g. [1] and [2]) carried out pull-out or bending tests on a real scale, or
slightly reduced scale, giving access to the load bearing capacity. These macroscopic
data are then compared with the results of finite-element simulations. These studies
(among others) did not include pathologies present in concrete, such as ASR. The mech-
anisms of ASR are now quite well studied. The amplitude and kinetics of the reaction
depend on different criteria such as the chemical composition of the aggregates, granu-
lometry, alkali content in the cement, liquid water saturation degree of the sample, and
temperature, which has mainly a kinetic effect. The mechanical impact of ASR on con-
crete structures is still little known. [3] carried out the pull-out of a rebar from a concrete
cube affected by ASR. The load and the cracking surface are analyzed for different
stages of swelling. A finite element model combining damage mechanics and chemical
swelling is used to simulate the test and validate the model. Similar studies have been
carried out with different models, such as the Rigid Body Spring Model (RBSM) and
the lattice discrete particle model [4]. However, these models are calibrated on macro-
scopic quantities and the results obtained on a microscopic scale (internal cracking,
damage, displacement fields) are not verified. To better understand the mechanical im-
pact of ASR, it is necessary to correlate the macroscopic and microscopic effects of the
pathology.

This work develops a method for analyzing the mechanical impact of the pathol-
ogy on the mechanical behavior of the foundation. Swelling due to ASR has been meas-
ured and its effect has been observed using X-ray tomography scans. An in-situ pylon
pull-out test from a mortar foundation mock-up (1/50 scale) is then carried out in an X-
ray tomograph. Computed Tomography allows microscopic observation of the degrada-
tion of the mortar foundation during the mechanical test. The mechanical test is carried
out on sound mortar. The work will be extended to a foundation affected by ASR, whose
development protocol is described in this paper.

2 Materials and methods

The scaled-down structure consists of a Glass Fiber Reinforced Polymer (GFRP) pylon
and a mortar foundation. Two mortars are formulated. One contains reactive sands
(ASR-M) to bring out ASR which is a 0.25-4mm siliceous limestone sand. The other
mortar is non-reactive (NR-M) and contains 0-4mm limestone sand. The reference of
the used cement is CEM II/A-LL 42.5R. The mortar formulations are shown in Table 1
and are manufactured following a ratio W/C=0.5 and a ratio S/C=3.



Table 1. Mix designs of the 2 mortars (NR-M and ASR-M).

Components Density NR-M ASR-M
[kg.m3] (kg Myriar] (kg Myriar]
Limestone sand 2670 1517 0
0-4 mm
Limestone sand 2680 0 758
0,25-4 mm
Siliceous limestone 2680 0 758
sand
0,25-4 mm
Cement 3110 511 511
Water 1000 256 256

3 Experimental investigation of alkali-silica reaction

Protocols (inspired from [5]) were carried out to create the ASR. Each protocol is ap-
plied to three 4x4x16 cm mortar prisms. The amount of alkali in the cementis Na,0,, =
0.94% M ement- According to [6], the amount of soluble silica in sand is around 5%.
NR-M prisms are cured in autogenous cure at 20°C. 4 protocols are investigated to cre-
ate ASR. In each of them, alkalis are added to mixing water with 1M sodium hydroxide.
Protocols are described below:

ASR-M-1: autogenous cure at 20°C.

ASR-M-2: 28 days autogenous cure at 20°C then cured in a 0.5 M NaOH at 34°C.
ASR-M-3: cure in | M NaOH at 34°C.

ASR-M-4: cure in | M NaOH at 60°C.

3.1 Longitudinal swelling measurements

Longitudinal swelling and mass evolutions are measured during the reaction (see Fig. 2
and Fig. 3). Both NR-M and ASR-M-1 undergo slight shrinkage. This may be due to
loss of mass during autogenous cure which is 0.3% for NR-M and 0.22% for ASR-M-
1. ASR-M-2 shrinks also during the 28 days endogenous cure. After immersion in
NaOH, rapid elongation is measured. This may be due to the water absorption. After
that, more longitudinal swelling is generated due to ASR. The same evolution can be
seen on ASR-M-3 prisms with a higher amplitude. Among all the protocols, the cure at
60°C (ASR-M-4) generated the most swelling strains. At 91 days, a strain of 5000
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pm/m, i.e. 0.5%, was measured. This elongation is correlated to the mass gain which is

2.9%. This protocol has been selected to create ASR.
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Fig. 2- Swelling of 4x4x16cm mortar specimen
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Fig. 3- Mass variation of 4x4x16cm mortar specimen

3.2 Computed tomography on ASR affected mortar

Scans were taken on an X-ray tomograph on a NR-M prism aged of 152 days and an
ASR-M-4 prism aged of 96 days affected by ASR. Resolution is 39.3 um. Fig. 4 shows
2D views of those scans. The view represents the cut of a 4x4x16 c¢cm prism. Porosity,
both reactive and non-reactive sand and cement paste can be seen on those views. On
the ASR-M-4 scan, water can be seen inside the porosity as it was immersed in sodium
hydroxide. More aggregates can be seen inside the affected mortar since the granulom-
etry of the reactive sand is different of the non-reactive one. 33% of non-reactive sands
were removed when sieved at 0.25mm while it was only 13% for reactive sands. Micro-
scopic cracks are visible on mortar affected by ASR. Those cracks take place both in
aggregate and cement paste. [7] has carried out observations on a mortar affected by
ASR with SEM microscopy. It has been proposed that ASR products and cracks origi-
nate inside the aggregate and extend to the cement paste. Since the specimens are kept
at 60°C, cracks can also be induced by incompatible thermal strain between cement
paste and aggregates. However, it is unlikely that this may cause cracking going through
the aggregates.



Fig. 4. a) 2D view of a scan on a sound mortar. b) 2D view of a scan on an ASR affected mortar

4 In-situ pull-out test on a sound mortar foundation

To understand the impact of ASR on the bear loading capacity of the foundation and the
mode of failure, a mechanical test is proposed. An in-situ pylon pull-out test from a
mortar foundation mock-up (1/50 scale) is carried out in an X-ray tomograph. For this
first test, the mortar is not affected by the ASR.

4.1  Experimental set-up

The dimensions of the model and the test stand are shown in Fig. 5. The pylon is sealed
into the mortar. The bottom of the foundation is glued directly into a collar, which is
screwed to the testing machine. A clamp tights the pylon, which is also pinned to the
testing machine. The test machines’ upper part is fixed (§,, = 0), and the lower part can
be moved downwards to apply the boundary conditions illustrated in Fig. 5.
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Fig. 5. Dimensions and boundary conditions of the experimental set-up
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4.2  In-situ mechanical test

The foundation is loaded in steps. The loading curve for the in-situ pull-out test is shown
in Fig. 6, with a test loading speed of Sum/s. At each step, a scan is performed. This
makes it possible to visualize the microstructure during mechanical loading. Each CT
scan is taken from 1200 projections, with a scan duration of 30 minutes. The displace-
ment displayed is a machine displacement.

A preload of 50N is applied to ensure contact between all parts of the set-up. Before
each scan, a pause is marked to allow the specimen to relax. Scan0 is the reference scan,
considered without mechanical load. An initial stress drop is visible between scanl and
scan2, corresponding to cracking located in the chimney-slabl collar (see thereafter).

This is followed by a brittle failure after scan3. Scan4 is a post-mortem scan.
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Fig. 6. Pull-out force and machine displacement during the in-situ pull-out test

4.3 Computed tomography on a sound foundation

Fig 7 shows a cross-section (Oxz) of scans 0, 2 and 4. The size of a voxel is 45um. First
of all, we can note the presence of artifacts. At the top of the image, a cone effect is
visible. This artifact can be removed by reducing the detector-to-X-ray emitter distance
and cropping the scan into the zone of interest.

Scan 0 is taken at the start of the test with preloading. Scan 2 is taken after a load of
430N. At this load, the chimney-slab collar failed. The crack is visible on scan 2. The
crack starts at the pylon and propagates through the mortar, particularly in the pores
(weakest region). Scan 4 is a scan taken just after the structure failed. We can see that
the cracking at the chimney-slabl collar has opened up, and below this cracking plane
we can observe decohesion of the pylon-mortar interface. A second fracture occurs at
the slabl-slab2 collar. These scans show that the crack spreads in the mortar through
defects such as porosity, the interfacial transition zone (ITZ) and sometimes through the
aggregates.



Fig 7. CT scans 0, 2 and 4 of the in-situ pull-out test on a sound mortar

5 Conclusion

This work aims to understand the impact of ASR on the mechanical behavior of the
concrete foundation/pylon system submitted to pull-out. To this end, a protocol was
successfully developed to accelerate the alkali-silica reaction in a 0,25-4mm mortar. A
new experimental setup has been developed to test a reduced-scale mock-up of a py-
lon/mortar foundation system. CT is used to monitor the microstructure of the mock-up
during mechanical loading. A first test was successfully carried out on a sound founda-
tion. Results show that failure is intrinsic to the mortar foundation. Cracking starts to
develop at the chimney-slab collar for a pull-out force of about 400N. Complete failure
is then reached by cracking of the slabl-slab2 collar at pull-out force of about 1700N.
The same test will be carried out on a foundation affected by ASR at different stages of
swelling (30%, 60% and 100% of the total swelling strain) to observe and analyze the
mechanical impact of the pathology on the failure mode and the load bearing capacity
of the foundation.

This study will be extended using Digital Volume Correlation (DVC) to measure the
displacement field of the sample during the test. This field will give access to infor-
mation regarding the decohesion of the pylon-foundation interface, as it has been done
by [8], and to the damage in the foundation. The mechanical impact of ASR can thus be
analyzed on both macroscopic and microscopic scales.
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