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Abstract

The concrete materials are usually applied at the macro-level,
but the performance of the concrete structures is determined by the
conformation and properties of structures at lower scales. Therefore,
people began to attribute the deterioration of structure at macro-
scale to the accumulation and evolution of defects at micro-scales,
so it should be start from the meso scale even the micro scale to
improve the macroscopic properties of the materials. Because of the
modern testing methods and computer simulation technology,it’s
possible to probe even control the materials from the low scales.
The largely existed C-S-H clusters in concrete are the“genes” to de-
termine the quality of concrete, once taking charge how to repro-
gram the “genes”, it’s possible to estimate and predict accurately
the macroscopic properties of concrete, and this will be one of the
most exciting goal in concrete science.

This study is financially supported by National Basic Research
Program of China, National Natural Science Foundation of China
and the Doctoral Program of Higher Education. The study empha-
sizes on the “genes” of cementations materials—C-S-H. High resolu-
tion solid—state *Si MAS NMR and other modern techniques were
employed combined with the quantum chemistry to reveal the gener-
al rule of C-S-H formation and evolution. This study proposed the
notion that different C-S-H structures and types can lead to differ-

ent macro —properties of cementations materials,explored the main
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Abstract

factors contributed to the structural stability of C-S-H, investigated
the mechanism of damage and deterioration of cementations materi-
als. Moreover, the effects of supplementary cementations materials
(SCMs), alkali and other external components on C-S-H which may
change the macroscopic properties of cement-based materials were
systematically analyzed. Based on the experimental and calculation
results, the main factors affecting the gelling properties of C-S-H
and macro properties were discussed, which renewed the formation
mechanism of concrete microstructure and design theory, laid the
theoretical basis for the design of microstructure of cement-based
materials and durability prediction. The main findings are as follows.

(1)The general rule of C-S-H formation and evolution and the
mechanism for the Al ions to enter the C-S-H structure was re-
vealed by high resolution solid-state ®Si MAS NMR and other mod-
ern techniques combined with the quant um chemistry methods.

The detailed information of C-S-H can be distinguished by
NMR, and quantum chemistry methods can be employed to find the
most probable reaction pathway and verify the polymerization mech-
anism. Different from conventional condensation mechanism of silica
gel the rule of C-S-H formation proposed in this study can explain
the 3n—-1 rule for the polymerization of [Si0,]*".The mechanism of
the largely existence of C-S-H dimers during C;S and Portland ce-
ment hydration was also revealed from perspectives of Q™ content
and hydration energy barrier in this study. Most importantly, it’s
pointed out that the hydrated monomers (Q™ and Al[4]) combined
the protonated dimers was the most probable way of polymerization,
which also revealed the mechanism how the Al ions enter the C-S-
H structures, during this process the Si-O-Al bonds formed prior to
Si-0-Si bonds. These mechanisms make the realization of structure
of C-S-H clearer, the characterization of composition and structure

of cement—based materials easier, which were useful to reveal the

2



Abstract

relationship between C-S-H and the macroscopic properties of con-
crete, all of which pave the way for the establishment of theoretical
basis to realize the essence of damage and deterioration of cemen-
tations materials.

(2)The composition and structure of C-S-H in hardened cement
paste under different service conditions (subject to leaching and the
flow of sand —carrying water)and different hydration environments
(different SCMs and different alkali contents were used) was sys-
tematically studied, and the distribution of the tetrahedral configu-
ration and Al content of C-S-H was quantitatively analyzed, in or-
der to achieve the quantitative characterization of microstructure and
to lay the foundation for the establishment of relationship between
microstructure of C-S-H and the macroscopic properties of concrete.

The effects of leaching, alkali, and supplementary cementitious
materials (SCMs) on the C-S-H composition and structure have been
studied respectively. The distribution of the polymerization states,
Al contents of C-S-H and the hydration degree of cement and SCMs
were quantitatively analyzed. Moreover, the changes of compositions
and structures of C-S-H in various service conditions and hydration
environments were investigated.

(3) The relationship of microstructure of concrete and mechan-
ical properties and durability of concrete has been built, and the
main factors affecting the gelling properties of C-S-H and macro-
properties have been discussed.

The study found that the macro—properties of concrete were
closely related to C-S-H properties. C-S-H showed different gelling
properties under various service conditions and hydration environ-
ments ,thus affecting the macroscopic properties. The main reason of
concrete damage under leaching condition was structural deteriora-
tion of C-S-H. With the bulk C/S and Q' content of C-S-H de-

creasing during leaching, the structural stability and gelling proper-
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ties of C-S-H gradually lost,which resulted in the strength loss of
hardened cement paste. It’s also found that the mechanical proper-
ties and shrinkage cracking of cement-based material was closely
related with the aluminum content and polymerization state of C-S-H
.Al-free materials such as alkali and high Al content materials such
as fly ash and slag can increase the Al content of C-S-H to a cer-
tain extent which may weaken the C-S-H gelling properties,as well
reduced the strength of cement paste and accelerated the polymer-
ization of C-S-H which may increase the cracking sensitivity of the
materials. It’s revealed that silica fume which can reduce the Al
content of C-S-H participated actively in the pozzolanic reaction and
improved the gelling properties of C-S-H,thus improving the com-
pressive strength of hardened cement paste and abrasion resistance
of concrete.

It’s concluded that there were four main factors affecting the
gelling properties of C-S-H and macro—properties, these factors were
bulk €/S,Q" content of C-S-H,Al content of C-S-H,and ACL of C-
S-H. There should have a certain content of CH in hydration and
hardening system in order to ensure the structural stability of the
main hydration product—C-S-H. ' content reflects the stability of
the C-S-H structure, so the Q' content should be not less than
30%. In the case of bulk C/S does not change, the Al content can
affect the C-S-H properties, Al entered the C-S-H structure more
easily in the high alkaline environment, so engineers should control
strictly the total alkali content of the system and pay more attention
to the total Al content of thematerials when high volume fly ash
and slag are used. ACL also reflects the gelling properties of C-S-H
which should be kept in the low range. In engineering applications,
we can design the materials and control the quality through the
regulation of the four factors, for instance, we can choose the

proper type and dosage of the SCMs and other admixtures, as well
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assess the quality of concrete during the service time and predict

the structure life based on the changes of C-S-H structure.

Keywords : C-S-H polymerization microstructure  gelling

properties macro— properties
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