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In many countries, various cases of deterioration of concrete by internal expansion related to alkali silica
reaction (ASR) and delayed ettringite formation (DEF) have been reported. To understand the phenomena,
many studies have been done which are mainly focused on the chemical and material aspects. Based on those
studies, guidelines and codes have been prepared which are useful to prevent ASR/DEF in new construction
but are of little use for the structural evaluation of existing structures, especially with DEF expasion. The
infected infrastructures can have serious safety issues especially in places where uncertain load are expected
such as in seismically active regions. To identify and prevent possible damage, it is necessary to predict the
engineering behaviour of the infected concrete. In this dissertation, the mechanical behaviour of concrete
with ASR/DEF expansion is studied. The study is focused to understand the impact of expansion on the plain
and reinforced concrete. In addition, structural response of the structure with the expansion is investigated.
The study mainly consists of two parts viz. experimental works and numerical simulation. These are

described below.

Part A: Experimental works

In the first part of the study, experiments were carried out to understand the mechanical deterioration of
concrete due to ASR/DEF expansion focusing on the structural response. The experimental study included
the interaction between the expansive concrete and internal and external steel restraints, impact on the
evolution of bond strength and analysis of crack propagation using an X-ray CT image analysis.

It was found that the free expansion caused by DEF+ASR (DA) was the largest and most rapid, however,

when restrained internally or externally, DA and DEF specimens showed a similar expansion. In ASR, the



expansion was much low to be not convegent in the experiment for about 300 days. It was noticed that
the expansion in the ASR specimen was not reduced in the restrained condition, which is a contradictory
behaviour because in general, the expansion should be reduced. The reason for this behaviour is unclear, thus
it needs to be confirmed or falsified by future studies.

The expansion of concrete could induce stress in the steel in the restrained cases. It was found that despite
a larger free expansion, the stress instigated by the DA expansion was lower than that due to the DEF when
the concrete was externally restrained. The stress in the restraining steel was calculated to be about 158.3
N/mm” and 95.4 N/mm” for DEF and DA cases, respectively. The stress in the embedded rebar measured
by a strain gauge indicated that tensile stress could develop in the rebar when the expansion is low. After the
expansion reached about 0.05%, the tensile stress was gradually reduced. This indicated a deterioration of
interface between concrete and rebar. To study the effect on the steel-concrete interface, a pullout test was
carried out. For a relative comparison of strength, a compressive strength test was also conducted.

In the pullout test, it was noticed that a large expansion deteriorated the bond strength to about 60% of
the original. After an expansion of about 0.5%, there was no significant further drop in the bond strength.
Meanwhile, the compressive strength gradually reduced to 20% of the original at the expansion of about
1.8%. Based on the result, it can be concluded that reduction in bond strength is not directly related to the
reduction in compressive strength. Furthermore, it was found that a small expansion due to ASR can improve
the compressive and bond strengths in confined condition. This was due to the pre-stressing effect provided
by the surrouding stirrups and main steel rebars. In the compression test, it was noticed that the deteriorated
concrete shows a large plastic strain. X-ray CT image revealed that the large plastic strain was due to the
closing of pre-existing gaps. The failure of the highly expanded specimen was caused by the opening of
cracks in the direction perpendicular to the loading.

The expansion also reduced the dynamic Young’s modulus in all types of expansion including ASR
specimens at low expansion. This shows that the structures affected with ASR expansion need careful
attention because, even though there is an apparent increase in the compressive and bond strength, the

stiffness of the structure could be reduced causing serviceability issue such as excessive deflection.

Part B: Numerical modelling for strength and serviceability evaluation

The second part of the dissertation was focused on development and verification of a numerical model
for FEM analysis for ASR and DEF affected concrete. As noticed in the experiments, some features of
deterioration due to the ASR/DEF expansion cannot be fully captured by the conventional constitutive
models. For instance, the strength is increased at the low level of expansion even though the elasticity is
reduced in ASR. Similarly, in DEF and DA, the plastic strain can become significantly large at the peak load,
which are generally unaccounted by the conventional methods. To address these shortcomings, a numerical
method was proposed.

The proposed model is a hybrid model that combines Mazar’s model with the time-dependent expansion



model by Larvie. The expansion-dependent variables such as the peak strength and elastic modulus were
treated as a Gaussian function. The numerical model was implemented in Code Aster developed by eDF
in France to analyze sample specimens and a concrete beam. The model was fairly accurate at the lower
expansion but at larger expansion, there was some deviation. The model needs to be further calibrated and
fine-tuned to get a better result.

Next, a case study was conducted to evaluate the serveciability of a massive dam structure undergoing
an expansive reaction. Based on a systematic analytical diagnosis and petrographic analysis of the concrete
core, the dam was found to be undergoing a slow ASR. The accelerated test showed a residual expansion of
about 0.15%. Using the environmental data, the long-term strain and stress development due to ASR were
calculated. The model was calibrated based on the observed deflections. To account for the variation that
could arise due to unknown parameters such as temperature, rate of reaction, etc. a probabilistic method was
incorporated. The simulation predicted that, at the age of 100 years, the maximum deflection of the dam
crest will be approximately 54-66 mm towards the upstream direction. The probabilistic analysis also gave a
similar result with an upstream deflection of 61 mm and a standard deviation of 28 mm. The principal stress
distribution in the dam showed that the dam is predominantly in compression and safe against cracking at the
current rate of reaction.

In conclusion, this dissertation was dedicated to the study on the mechanical deterioration of expansive
concrete by carrying out various experiments and numerical studies. The findings and understanding gained
from the experiments were used to propose a new hybrid model for the structural analysis. This study
is expected to serve as a guide to practising engineers to evaluate the affected structures with ASR/DEF

expansion.
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