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Abstract 
This study reviews research showing changes in the performance of reinforced concrete structures and members caused by drying conditions and aims to 
contribute to evaluating the structural safety in the long-term use of concrete. Additionally, to build a consensus on the changes in the physical properties 
of concrete materials after drying, the review focused on experiments intended to produce a uniform distribution of moisture-induced material property 
changes in the interior of the cross-section. 
There is generally no effect on the change in the maximum loading capacity of a structure when the design is based on the flexural performance of the 
components. However, in the case of structures dominated by members determined by the shear capacity of the components, the reduction of the 
maximum loading capacity can be a problem. The decrease in stiffness is mainly due to the opening of shrinkage cracks and the decrease of Young’s 
modulus of concrete after drying. The change in the compressive strength of concrete due to drying is governed by the specific strength change of hardened 
cement paste caused by the colloidal nature. Still, it is also affected by the aggregate shrinkage, which changes the damage in concrete under drying. 
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 Introduction 

In the report by Roper [1], there was “an unusual series of 
failures in reinforced concrete structures in the Cape 
Province, Union of South Africa.” This was a sizeable 
unexpected shrinkage of aggregate and resultant excessive 
drying shrinkage of concrete. Because aggregates that show 
excessive drying shrinkage can be available worldwide, Roper 
investigated many rock types of concrete aggregate. Later, 
Tarui Bridge in Wakayama, Japan, also experienced fatal 
damage due to the considerable drying shrinkage of concrete 
originating from used aggregate produced in the particular 
region [2], which has been reinforced. Since then, shrinking 
aggregate has also been a concern in Japan [3–5]. A 
prestressed box girder, which showed excessive long-time 
deflection, collapsed in 1996 [6,7], discussed in the technical 
committee TC-MDC led by Bažant in RILEM [8]. Long-term 
creep and shrinkage [8] and uneven deformation of members 
[9,10] were discussed. Structural health monitoring sensors, 
such as accelerators and velocimeters, which were installed in 
concrete buildings, have reported that almost all the concrete 
structures showed a decrease in the first-mode natural 
frequency and suggested a reduction in the stiffness of the 
structures [11]. A detailed analysis determined that this 
reduction in stiffness occurred between earthquakes and not 
during them [12], indicating that drying influences the 
reduction of structural stiffness. This structural stiffness 
reduction may cause unexpected responses during 
earthquakes and also cause resonance of equipment in the 

building and resultant unforeseen problems. All these issues 
were related to drying. 

Drying is the most common environmental condition for 
concrete structures. In general, the life of concrete begins in 
a wet state. This is because the water required for cement 
hydration should be sufficiently provided in the concrete 
mixture to achieve the required design strength. In addition, 
it is necessary to provide the necessary workability of 
concrete that requires an appropriate amount of water in the 
mixture. In the case of ultra-high-strength and high-
performance concrete, self-desiccation occurs due to the 
hydration reaction of the cement. However, the internal 
equilibrium relative humidity (RH) is still higher than the RH of 
most commonly exposed environments. For normal-strength 
concrete, the equilibrium humidity inside the concrete after 
28 days of casting is more than 96% RH at 20°C [13]. In the 
case of the ultra-high-strength/performance concrete with an 
extremely low water–cement ratio, it is possible to be less 
than 80% RH [13]. Nevertheless, this is higher than the 
average annual RH of ~60% in Japan [14]. There are few 
regions where concrete does not dry out in an exposed 
environment.  

Considering concrete and its exposed environments, 
understanding the impact of drying on concrete and concrete 
structures is necessary for the long-term use of concrete 
structures, which contributes to the sustainability of society. 
In this study, the changes in the performance of concrete and 
concrete structures caused by the volume change of its 
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components due to drying (including the effects of internal 
desiccation of high-strength concrete in some cases, because 
the fundamental impact is similar), especially regarding 
strength and stiffness rather than the deformation problems, 
are presented, and future issues are discussed. 

 Structural response 

 Frames and structures 

A fundamental study of frame structures suffered from self-
balancing forces due to thermal deformation and/or drying 
shrinkage of members was conducted in the 1950s. 
Umemura considered the theoretical impact of deformation 
of the member on the frame structures and concluded that a 
perfectly plastic structure does not need to consider the 
effect of self-balancing forces due to shrinkage on the 
ultimate loading capacity, but it might not be realistic because 
the real structure does not satisfy the condition of the perfect 
plastic [15]. Aoyama and Kato investigated a miniature 
reinforced concrete (RC) frame structure with one layer and 
one span, considering the auto-strain (shrinkage) of the 
member, and found that it is possible that the yielding 
capacity is reduced by approximately 7% and the stiffness of 
the structure is reduced to 1/3 of the original stiffness, while 
the ultimate loading capacity of the frame was not changed 
by the shrinkage of the member [16]. Okada et al. 
investigated a wall-type miniature RC structure, imitating a 
part of a nuclear reactor building, and experimentally 
confirmed that the drying shrinkage has an impact on the 
stiffness, while there is no impact on the ultimate loading 
capacity [17]. Similarly, Yoshida et al. investigated the impact 
of drying-induced cracking on the stiffness change of an RC 
pier numerically by using the finite element method, and 
found that shrinkage-induced cracking only affected the 
stiffness and not the ultimate loading capacity [18]. 

Teshigawara et al. investigated the recorded data of 
responses of 11 accelerometers installed in an 8-story steel-
RC building of the Building Research Institute of Japan, and 
found that sudden drops in the predominant frequency (the 
natural frequency of the predominant response of the 
building) occurred between earthquakes but not during each 
earthquake, except for the case of the Great East Japan 
earthquake 2011 [12], as shown in Fig. 1. This is the first data 
interpretation for long-term recorded building responses, 
which suggests that reduction in the predominant frequency 
occurs gradually in general environments. Following this 
analysis, Maruyama collected recorded data of building 
responses, including nuclear reactor buildings in Japan, as 
shown in Fig. 2 and proposed that this reduction in stiffness is 
caused mainly by the drying environment [11] because 
stiffness decrease occurs in situations other than during an 
earthquake and was universally confirmed. It could be 
possible that some other deterioration, such as alkali-silica 
reaction or corrosion-induced cracking of cover concrete may 
contribute to this phenomenon, but the concrete buildings 
listed in Fig. 2 have thinner member size rather than civil 
infrastructures and they have a surface coating, therefore 
they easily get dried. In addition, the materials were carefully 
selected because they are relatively important structures so 

as that such structural health monitoring system was 
installed, considering these conditions, the risk of rebar 
corrosion and alkali-silica reaction, or other deterioration was 
small. Maekawa et al. investigated the impact of shrinkage-
induced cracking in the RC structure on the structural 
performance of RC buildings by using multi-scale thermo-
hygral analysis, and found that “the shrinkage effect may 
chiefly come to the junction planes between members of 
different dimensions, especially for the case of normal RC 
buildings” [19]. Jaafari et al. investigated two types of RC 
portal frames: one was sealed and the other was exposed to 
drying conditions such as construction sites, and dynamic 
loading tests were conducted. They monitored the shrinking 
and cracking behavior of the frames and obtained pseudo-
dynamic loading experimental results [20]. The stiffness 
change due to drying was confirmed, and the ultimate 
capacity of the frames was obtained in their experiments. 

 
Figure 1. Change in the fundamental frequency of the structure of 
each earthquake event from 1998 (left) to 2012 (right) [12]. 
 

 
Figure 2. Change in the relative natural frequencies of concrete 
buildings (after [11]). 

 RC Members 

2.2.1 Beam member 
Regarding the effect of the volume change of concrete in 
simple beams, it has been clarified that, for flexural behavior, 
the crack initiation load decreases, the flexural crack width 
increases due to the release of compressive strain of 
reinforcing steel caused by shrinkage of concrete, and the 
incremental curvature before and after loading increases. 
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Simple formulas to evaluate those phenomena have been 
proposed [21–23]. To the extent that the maximum bearing 
capacity was determined by the yielding of the 
reinforcement, the maximum bearing bending capacity was 
not affected by shrinkage. In terms of shear behavior, a 
reduction in diagonal crack initiation capacity has been noted 
for specimens without shear reinforcement [24,25], and it has 
been pointed out that this effect is due to the restraining 
influence of the main reinforcement. Thus, if the shear 
capacity of beams can be explained by truss theory and 
concrete contribution to diagonal crack initiation capacity, 
shrinkage reduce the shear capacity through the reduction of 
diagonal crack initiation capacity. Experimental results [25] 
and numerical results [26,27] support this. However, because 
the neutral axis, location, and angle of shear crack initiation 
and crack propagation may be changed by applying shear 
reinforcements, the applicability of this concept should be 
clarified. Since a detailed study of the shear loading 
mechanism of beams has been carried out numerically [28], a 
proper understanding of the shrinkage effect should be 
further developed in the future. 

2.2.2 Column 
Collins et al. pointed out that the cover of high-strength RC 
columns tends to peel off before the maximum bearing 
capacity, which reduces the bending capacity [29]. The 
mechanism of earlier peeling off can be explained by the 
autogenous and drying shrinkage of the cover concrete. 
Lampropoulos and Dritsos evaluated the flexural capacity of 
RC columns by considering the strength increase due to the 
restraining effect of concrete using numerical analysis, and 
pointed out that the reduction in the restraining effect due to 
shrinkage causes a decrease in flexural capacity under high 
axial forces [30]. According to the results of the flexural shear 
tests on ultra-high strength RC columns at the same age with 
and without long-term loading of 1/3 axial force ratios for 
approximately one year, there was no significant difference in 
the flexural shear tests between the two specimens when 
high-strength deformed bars were used for the axial 
reinforcement [31]. To evaluate the effects of shrinkage and 
creep deformation on the performance of RC column 
members, RC columns were constructed using 90 N/mm2 and 
150 N/mm2 classes of high-strength concrete, and flexural 
shear load tests were conducted after approximately 1400 
days of axial loading. The results of the flexural shear loading 
test showed that: 1) shrinkage, loading, creep (axial force ratio 
of 0.3), and temperature change caused the strain of the main 
reinforcements by 1500 μm/m in the case of 90 N/mm2 class 

concrete and 2500 μm/m in the case of 150 N/mm2 class 
concrete; 2) the compressive strength of the concrete after 
spalling of the concrete cover decreased due to the effects of 
long-term compressive loading; 3) the specimens that 
experienced long-term compressive loading developed 
horizontal cracks (eight cracks of less than 0.04 mm) during 
axial force unloading due to the strain difference between the 
concrete and the reinforcement; and 4) in the shear loading 
tests, it was observed that larger shrinkage caused the main 
reinforcement compressive yielding capacity to decrease, the 
axial compression to increase at the same drift angle, and the 
load-bearing capacity to decrease rapidly under cyclic loading 
[32]. Based on the fact that there are two peaks in the 
bending moment  drift angle relationship of a typical ultra-
high strength RC column, Muramatsu et al. proposed a 
method for calculating the flexural capacity [33]. The first 
peak is caused by the spalling of the cover concrete, and the 
second peak is caused by the yielding of the tensile or 
compressive main reinforcements or damage to the core 
concrete. The magnitudes of the first and the second peaks 
depend on the various conditions of the member. Their 
proposal is that the stress-strain relationship of unrestrained 
concrete is used to evaluate the primary peak, while the 
stress-strain relationship of restrained concrete inside the 
transverse reinforcements is used to evaluate the secondary 
peak. The flexural capacity is evaluated using the stress-strain 
relationship of the restraining concrete inside the transverse 
reinforcements, without evaluating the concrete cover. 

Maruyama et al. studied the effect of autogenous shrinkage 
on the shear behavior of RC short columns in ultra-high 
strength concrete by preparing normal high strength concrete 
and ultra-high strength concrete with an expansive additive 
and shrinkage reducing agent (Fig. 3). Through experimental 
investigations, the following points have been clarified: 1) the 
shear capacity of RC columns does not change significantly by 
autogenous shrinkage; 2) the yielding of shear reinforcement 
is increased due to the initial compression of the 
reinforcement by the self-shrinkage of the concrete; 3) the 
effect of shrinkage is mainly on the maximum bearing 
capacity on the negative loading cycle, which is presumably 
due to the increase in the number and width of cracks caused 
by shrinkage; and 4) the stiffness of the column before shear 
cracking, evaluated by the load-deformation relationship, 
decreased by 5% due to shrinkage, and the shear stiffness 
decreased by 25% for the initial stiffness [34]. 
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Figure 3. Experimental results of short RC column using ultra-high strength concretes: a) specimen, b) loading condition, c) shrinkage of the 
specimen, d) load-deformation relationships. After [34]. Note: (a) DXX means the deformed bar with the nominal diameter of XX mm. The high 
strength steel with the nominal strength of 685 MPa (USD685A) was used for main reinforcing bars and steel with the nominal strength of 785 
MPa (USD785) was used for stirrups. (b) The setup and loading condition is similar to that of Fig.4 (b). (c) the column was separately placed to 
simulate the temperature history of the real size column by using heat insulator, and shrinkage of the specimen at the central part was measured 
by embedded strain gauge. Thermal expansion coefficient was assumed to be 10 μ/℃. (d) Horizontal load is the load to push/pull the stab at the 
top of the column, and the bottom stab was fixed by prestressed steel rods. The deformation was the horizontal deformation at the top of 
column, as the measurment setup was shown in (b). 
 
 

2.2.3 Shear wall and slab 
Walls and slabs are relatively thin members whose shrinkage 
can be restrained by jointed members, such as beams and 
columns. Therefore, these members can be significantly 
affected by the shrinkage.  

Sasano et al. prepared two fully cured shear RC walls to avoid 
additional hydration during drying, and one was subjected to 
cyclic incremental loading after curing, and the other was 
loaded after approximately one year of drying in the 
experimental room [35]. The concrete properties were 
evaluated by using the specimens before and after drying, 
and the Young’s modulus of concrete (100×200 mm3) 
decreased by 14%, the compressive strength of concrete 
increased by 10%, and the fracture energy of concrete 

(100×100×400mm3) increased by 46%. From the results of the 
loading tests, it was confirmed that the maximum bearing 
capacity was not affected by drying, and the initial stiffness, 
which is determined by the load-deformation relationship, 
decreased to 50% after drying (Fig. 4). In addition, the 
deformation at the maximum load capacity increased by 
approximately 8%. This result may influence the design of 
high-rise buildings using core walls. As for the maximum 
bearing capacity, a detailed study using a rigid-body spring 
network model showed that the increase in crack width 
caused by the drying shrinkage strain of concrete caused a 
reduction in the macroscopic concrete strength in the strut 
[36], which should have caused a reduction in the shear 
capacity of the wall. However, it was found that the strength-
increasing effect of drying offset the reduction and resulted in 
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the same shear capacity. Considering the fact that the 
strength of concrete after drying is affected by aggregate 
types, as will be discussed later, further study is needed to 
determine whether this effect should be considered in the 

design state. Regarding the stiffness of the structure, the 
calculation showed that the crack opening due to drying 
shrinkage of concrete is a dominant factor rather than the 
stiffness reduction of concrete material due to drying. 

 

       
Figure 4. Experimental results of RC shear walls with/without drying shrinkage: a) specimen, b) loading setup, c) shrinkage of dummy specimen, 
d) load-deformation relationships. After [35]. 
Note: (a) DXX means the deformed bar with the nominal diameter of XX mm. (c) Shrinkage of the wall was measured in the dummy specimen 
whose size was the same as that of wall without reinforcements. The shrinkage was measured by embedded strain gauge and thermal 
deformation was collected with the temperature history and measured coefficient of thermal expansion. The data is corresponding to the “After 
drying” in (d). (d) Load represents the horizontal load to push/pull the top stab. 

Satya et al. prepared two fully cured slabs with beams to avoid 
hydration during drying, and one was loaded immediately 
after curing in water for approximately 100 days, and the 
other was loaded after drying for approximately 300 days. 
The concrete properties were evaluated by using the 
specimens before and after drying, and after drying, the 
Young's modulus of the concrete specimens decreased by 8%, 
compressive strength increased by 7%, and fracture energy 
increased by 26%. From the results of the loading tests 

(Fig. 5), it was confirmed that the maximum bearing capacity 
was almost the same without any effect of drying, and the 
initial stiffness, which is determined by load-deformation 
relationship, decreased to 76% in the dry state. The 
deformation at the time of maximum bearing capacity was 
almost the same, and only the concrete contribution at a 
smaller displacement was found. This result indicates the 
possibility that the design based on the rigid floor assumption 
does not satisfy increases with drying. 
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Figure 5. Experimental results of RC slabs with/without drying shrinkage: a) specimen, b) loading condition, c) shrinkage and temperature histories 
of dummy specimens, d) load-deformation relationship. After [37]. 
Note: (a) DXX means the deformed bar with the nominal diameter of XX mm. (c) the legends whose final character is “T” represents the 
temperature (right axis). Shrinkage of the specimen at the central region was measured by the embedded strain gauge. All the data were obtained 
by the dummy specimens whose sectional size was the same as that of corresponding member shown in (a) and the length was 300 mm. (d) Load 
represents the horizontal load to push/pull the top stab to bend the slab with beams. The same setup shown in Fig. 4(b) was used. 

 

2.2.4 Concrete-filled steel tube 
Concrete in concrete-filled steel tubes (CFTs) generally does 
not dry out. However, the use of high-strength concrete has 
increased in recent years, but the effect of autogenous 
shrinkage seems to be neglected, so it will be described here. 

Nishizawa et al. reported on the behavior of various types of 
strain and displacement meters buried in a real building from 
the construction process, with the aim of evaluating the 
structural performance of high-rise buildings from health 
monitoring [38]. In this study, the strains of steel and concrete 
in a CFT structure during crane dismantling deviated from 

each other, and only the strain of the steel pipes recovered 
after crane dismantling. It was confirmed that the integrity 
between the steel and concrete was broken. However, it was 
also clarified that even if the strains deviated, it did not mean 
that the concrete did not bear the axial force at all. 
Matsumoto et al. conducted an experimental study on the 
structural performance of CFT columns made of ultra-high-
strength steel [39]. In this study, the stubs were connected by 
through columns, and the axial force was transmitted from 
the steel tubes. In this experiment, it was pointed out that the 
initial stiffness (the secant stiffness at 1/400 deformation) was 
approximately 10% smaller than the calculated value, 
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indicating that the Bernoulli-Navier assumption or the 
integrity between the concrete and steel pipe was not 
maintained in the initial behavior. On the other hand, from 
the viewpoint of ultimate bearing capacity, there is no effect 
of autogenous shrinkage because the bearing capacity 
calculated based on the Bernoulli-Navier assumption and the 
experimental data are in good agreement. As for the CFT, the 
load-bearing mechanism of long-term loading in actual 
structures is not clear at present; therefore, monitoring of 
actual structures and long-term behavior experiments are 
necessary.  

 Concrete 

The effects of the mixing proportion and curing environment 
on concrete properties, including compressive strength, are 
manifold (e.g., [40]). In this study, the changes in the physical 
properties of concrete, especially during the first drying, are 
presented. In some previous studies, the moisture content 
was varied once subjected to intense drying (e.g., oven drying 
at 105°C) in order to eliminate the colloidal effect of the main 
hydrate, calcium silicate hydrate (C-S-H) (e.g., [41–43]); 
however, this is not our objective; therefore, such research is 
not discussed here. Studies that discuss the development of 
physical properties by considering the moisture content as a 
condition in which the hydration of cement does not continue 
sufficiently are also not covered [40,44,45]. In addition, 
studies that are considered to have a large variation in 
moisture content inside the specimens are also omitted from 
the discussion because such experimental data do not show 
the material properties [46–49]. In this section, the author will 
focus on the experiments in which changes in physical 
properties due to drying of relatively well-cured specimens, 
especially those in which the moisture content inside the 
specimen is uniform. Real size reinforced concrete members 
need several decades to reach the thermodynamic 
equilibrium, and most of the concrete inside the real size 
reinforced concrete member experiences its property change 
under the gradual drying. Such concrete property change at 
the given position in the real size concrete member should be 
evaluated by the data of the specially designed experiments. 

In the paper by Pihlajavaara [50], the specimens were sealed 
and cured for 2 years and then conditioned with saturated 
salt solution at different humidity for 3 years. The specimen 
size was 40×40×160 mm3. The specimens were subjected to a 
bending test followed by a compression test using a 4×4 cm 
loading plate. The effect of the additional hydration was 
considered negligible in this experiment. In this experiment, 
the compressive strength showed that there was a local 
maximum at 80-90% RH, followed by a decrease in strength 
to approximately 50% RH, followed by an increase in strength 
below 50% RH. The percentage increase in strength after 
drying (105°C, oven-drying) relative to the strength at the 
time of sealing was 30% (W/C=0.50) and 60% (W/C=0.70), 
indicating that the larger the water–cement ratio, the greater 
the percentage increase in strength. Pihlajavaara attributed 
this local maximum value to the “binding forces of the 
condensed water surfaces in capillaries”. The flexural strength 
tended to increase with drying, and there was no decrease in 
strength due to drying, as observed in other experiments. 

Glucklich and Korin prepared specimens of 140 × 12.5 × 11.5 
mm3 with mortar of W/C=0.346, which were subjected to 
accelerated hydration at 70°C for 3 hours followed by 30 days 
of water curing [51]. The specimens were dried using a 
saturated salt of Mg(ClO4)2 to prepare specimens with 
different moisture contents and then sealed at different 
moisture contents to equalize the moisture distribution inside 
the specimen. A uniform increase in compressive strength 
with decreasing moisture saturation degree, an increase in 
fracture energy from below 50% of moisture saturation 
degree were observed. Young’s modulus showed a maximum 
value at 80% moisture saturation degree and a local 
maximum value at 20% moisture saturation degree. In this 
experiment, the effect of rapid drying on micro-crack 
initiation [52] could not be ignored; hence, there was a large 
variation in the data. 

Yurtdas et al. showed a trend of increasing strength and 
decreasing Young's modulus and Poisson's ratio with drying 
(21°C, 45% RH, and 60°C oven drying) for mortar specimens 
[53]. In the experiment by Burlion et al., the drying shrinkage 
strain, mass change, strength, and Young's modulus of mortar 
specimens with a size of 40 × 40 × 160 mm3 and 110 × 220 
mm3 were measured during the drying process at 60% RH 
after curing in water for 28 days [54]. The compressive 
strength increased by approximately 28%, and the Young's 
modulus decreased by approximately 25%. From the 
difference in the strength changes of the different specimens, 
it was concluded that the capillary suction increased the 
mechanical strength of the material and degraded the elastic 
properties by induced microcracks. Although the effect of 
additional hydration cannot be excluded, the general 
behavior of the strength increase is considered to be covered 
in this research. Yurtdas et al. [55] conducted a similar study 
to Burlion et al. [54] for mortar specimens with different W/C 
and, like Pihlajavaara, found that the larger the water–
cement ratio, the greater the strength gain after drying. In 
addition, Yurtdas concluded the same results for self-
compacting concrete [56]. 

Maruyama et al. prepared specimens of 5 × 10 cm3 for 
concrete and mortar with W/C=0.55 [57]. In the mixture 
proportions of concrete, the volume proportions of coarse 
aggregate, fine aggregate, and paste were identified, and the 
type and size of coarse aggregate were varied as parameters. 
After 180 days of sealed curing, the materials were dried at 
different humidity and temperature conditions for 
approximately 150 days to obtain the data of mass and 
shrinkage changes with time, as well as strength and Young's 
modulus after drying. Simultaneously, a detailed analysis of 
the post-drying alteration of the hardened cement paste 
(HCP) with a specimen thickness of 3 mm was conducted [58]. 

From these experiments, the tensile strength (bending 
strength) of the HCP specimens and the compressive strength 
of the mortar increased from the sealed condition to 
approximately 80% RH; after reaching the local maximum 
value, the strength decreased to 40% RH, and then increased 
again from below 40% RH, reaching a maximum value below 
11% RH. These trends are summarized in Fig. 6. The results 
are consistent to the data of Pihlajavaara [50]. This trend 
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occurs when the concrete is made, especially when the 
maximum aggregate size is small, and when the aggregate 
shrinkage is large (e.g., sandstone with a large amount of clay 
minerals). In the case of aggregates with small shrinkage, such 
as pure limestone or thermally modified chert, the effect of 
micro-cracking is particularly prevalent, and the minimum 
value of strength observed at approximately 40% RH is low. 
The concrete strength change due to drying from 80%RH to 
40%RH was greatly affected by a micro-crack formation 
determined by the volume change mismatch between 
aggregates and HCP. In this regard, there is a consistency with 
the findings of Yurtdas et al. [53, 55] and Burlion et al. [54].  

The increase in strength caused by severe drying below 
40%RH was identical among all the concrete, but if the 
strength decrease at approximately 40%RH is large, the 
strength recovery will not attain the original strength under 
sealed conditions. In the past, a consensus on the 
compressive strength of concrete after drying could not be 
achieved because of the lack of consideration for the internal 
equilibrium state, strength increase due to additional 
hydration during drying, and the different shrinkage 
properties of aggregates. The schematic mechanisms of 
concrete strength change due to drying are summarized in 
Fig. 7. 

Based on a detailed investigation of the compressive strength 
of cylindrical concrete specimens by using the rigid-body 
spring network model (RBSM) [59], the compressive strength 
is determined by the following steps; 1) vertical cracks at the 
sides of coarse aggregates, 2) vertical crack connect each 
other, and the concrete cylinder is divided into several pillars 
like the columnar joint of rock, 3) mid-span of the outside 
pillars is detached from internal pillars and bending of pillars 
occur (like buckling of the pillar). At this moment, the total 
beard load by pillars is reduced, and the maximum loading 
capacity is determined. The compressive shear strength of 
HCP determines the vertical crack propagation.  
Consequently, the bending strength HCP shows the similar 
trend of compressive strength of concrete as a function of 
equilibrium RH. Shrinkage-induced micro-cracks around the 
aggregates also contribute to the crack propagations and 
connections, divide the specimen into several pillars, and 
reduce the compressive strength by facilitating detaching and 
bending of pillars at the periphery of the specimen. 

There is some debate as to why paste and mortar show this 
trend. Burlion and Yurtdas pointed out that the increase in 
strength due to drying is explained by capillary suction, but 
this may be the dominant effect up to 80% RH, as pointed out 
by Pihlajavaara. In fact, the calcium silicate hydrate (C-S-H) in 
the cement paste has a colloidal nature [60] and changes the 
structure of the agglomeration by surface energy change and 
capillary effect [58,61–73]. Considering that the irreversible 
shrinkage strain of drying shrinkage of HCP occurs especially 
in the vicinity of 80% RH to 40% RH [74,75], most of the 
change in the agglomeration structure of C-S-H is considered 
to occur in this relative humidity range. It should be noted 
that gel pore water drying occurs below 80% RH, which is 
confirmed by 1H-NMR relaxometry, and this supports the idea 
that the C-S-H structure change occurs at less than 80% RH. In 

this humidity range, the strength of the paste shows a 
decreasing trend, and it is hypothesized that agglomeration 
of C-S-H caused by the capillary pressure within C-S-H sheets, 
resultant creation of the large pores, and coarsening of 
cement paste reduces the strength is more dominant than 
the apparent strength-increasing effect of the capillary 
pressure on the solid of HCP. The intense increase in strength 
below 40%RH is attributed to the surface energy change [76], 
or to an increase in strength due to the reduction of the C-S-
H interlayer space and production of bonds between C-S-H 
sheets by intercalated cations [77]. The microstructural 
change of C-S-H under drying is discussed elsewhere [78].  

With regard to Young’s modulus of concrete, in general, 
Young’s modulus after drying decreased to 50-80% of the 
original Young’s modulus. This behavior is explained by the 
creation of microcracks around the aggregate and crack 
opening due to inhomogeneous shrinkage strain between the 
coarse aggregate and mortar/HCP [59], as pointed out by 
[53,57,79]. The tensile strength of concrete after drying 
showed similar trends as the compressive strength of 
concrete [80]. 

These mechanisms for alteration of concrete properties are 
considered to be identical for Portland cement-based 
concrete with high water–cement ratios, but there are not 
enough studies on the behaviors at low water–cement ratios 
or concrete containing supplementary cementitious 
materials. 

 
Figure 6. Change in bending strength of hardened cement paste (top) 
and compressive strength of mortar and concretes (bottom) after 
drying. 
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Figure 7. Schematic illustration of compressive strength change of 
concrete due to drying 

 Summary 

This study aims to contribute to the long-term use of RC 
structures by summarizing previous studies on the changes in 
the physical properties of concrete after drying, and showing 
examples of experimental and numerical evaluations of 
performance changes in RC structures and members after 
drying. From a structural point of view, the stiffness reduction 
due to drying can not be ignored. The stiffness of reinforced 
concrete members can be reduced to 50% of the original 
undried member. The maximum loading capacity is still an 
unsolved problem, but the reinforced concrete members 
whose failure mode is not affected by drying and the final 
capacity is controlled by the yielding of reinforcing bars will 
not be the problem. In the case of reinforced concrete shear 
walls, there is a possibility that the maximum loading capacity 
is decreased by the reduction of compressive strength of 
concrete affected by drying. The deformation at the loading 
capacity is also an important issue for the structural 
performance, but this is also not clarified yet. Further study is 
needed. 

Properties of concrete can be varied by drying. There are two 
major factors that determine the physical properties of 
concrete. One is the colloidal nature of calcium silicate 
hydrates which is very sensitive under the first drying process 
and changes the stiffness, strength, and volume of hardened 
cement paste. This change in the strength of the hardened 
cement paste directly affects the strength of concrete after 
drying. The second one is the volume change mismatch 
between aggregate and hardened cement paste. The 
shrinkage property of aggregate shows a significant role in the 
alteration of concrete strength and Young’s modulus under 
drying. Low shrinkage aggregates used in concrete reduce the 
compressive strength and Young’s modulus of concrete after 
drying rather than the large shrinkage aggregates. 

To systematize the knowledge for long-term use, it is 
necessary to accumulate health monitoring data of actual 
structures, crack investigations, and detailed analysis of 

physical properties. For example, it has been reported that an 
additional reaction between hydrates and rock-forming 
minerals in thick concrete members contributed to a 
significant increase in strength [81,82]. This phenomenon 
cannot be observed in laboratory experiments. Therefore, a 
detailed analysis of field concrete is a necessary step to find 
knowledge gaps between laboratory experiments and real 
structures. In addition, it has been pointed out that there are 
some anomalies in the water transport in concrete [83–87], 
which are different from those of other rigid porous materials, 
and it is necessary to study the influence of these anomalies 
on the behavior of concrete under drying environments at the 
actual member sizes. 
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