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,e influences of variable humidity on the creep behaviors of concrete and the long-term deflections of RC beams are analyzed in
this paper. A total of 6 prismatic specimens and 5 RC beams were subjected to sustained loads and 3 types of variable humidity
conditions for 331 days. ,e creep strains of the prismatic specimens and the deflections of the RC beams were recorded to
investigate the long-term deformation characteristics. ,e test results reveal that both the creep strain and the deflection of
specimens under cyclic humidity conditions exhibit approximately linear tendencies that are obviously less than those of
specimens exposed only to natural air. During certain wetting cycles, the deformation rate became slower and the creep strain even
recovered with an increase in the humidity, especially for shorter wetting-drying cycles. Long-term deflections predicted using the
CEB-FIP 90 and ACI 209R models were compared with the test results to evaluate the versatility of these current specifications.
,e findings included rather large errors between the predicted results and experimental data when the average relative humidity
was adopted in the analytical models.

1. Introduction

A major property of concrete is its vulnerability to creep,
which is a time-dependent deformation mechanism under
a sustained load [1–5]. Long-term deflections of rein-
forced concrete (RC) beams due to creep may cause
cracking and damage, significantly compromising the
durability and sustainability of concrete structures [6–8].
Concrete creep and the associated long-term deflections
are both influenced by environmental conditions (e.g., the
temperature and ambient humidity) [9–13], mixing
proportions [14, 15], material properties [16], and applied
stresses [17]. ,roughout their service life, concrete
structures will be simultaneously exposed to loading in
conjunction with various environmental conditions,
particularly variable levels of humidity. However, the
long-term behavior of concrete under such a variable
humidity remains rather unknown and merits further
investigation.

For the dominant theories, the pore pressure due to
water surface tension under high or moderate relative
humidity and the increase of surface energy of gel under
low relative humidity are the primary mechanism of the
shrinkage [18, 19]. ,e viscous flow of capillary and gel
water has been considered as the main mechanism of creep
[1]. Based on these concepts, properties of liquid inside
micropores will control the mechanical behaviors of
concrete [20]. In recent years, numerous investigations
have been conducted to study the effects of humidity on the
behaviors of concrete creep. ,e interior water status of
pore structures is believed to be associated with the am-
bient humidity, and thus, the deformation of concrete will
be much higher when it is simultaneously subjected to
drying and loading [21]. Supplementary deformation is
composed of so-called drying creep, which is also known as
Pickett’s effect [22].

In the past decade, creep behavior of concrete under
constant humidity has been widely investigated. Laboratory
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test results showed that the creep of a specimen exposed to
cyclic humidity may be twice as large as the creep of
a specimen exposed to a constant humidity equal to the
average humidity [23–25]. However, very few studies have
addressed the behavior of concrete under variable hu-
midity conditions, and limited experimental data show
that swelling occurs when the water content increases
[24, 25]. Because the relevant test data are discrete, no
uniform conclusion has been reached regarding the de-
formation characteristics and influencing mechanisms of
variable humidity-associated concrete creep. A simple
formula, which is partly empirical, partly based on the
diffusion theory, is proposed and is calibrated by com-
parisons with test data from the literature [25]. But such
explanations generally do not include a discussion of the
uniqueness and reversibility of the phenomenon. ,ere-
fore, the long-term behavior of concrete under variable
humidity conditions coupled with loading remains merits
of investigation.

Extensive research has been performed to predict the
long-term creep and deformation of concrete. As a result,
several simplified methods have been developed. ,ese
existing methods generally establish the environmental
relative humidity (RH) as a constant and set the range of
applications accordingly. However, disparities in the origins
and numbers of parameters explicitly accounted for in these
models can lead to significant differences in the predicted
deflections. Consequently, there is no overall reliable model
available for the prediction of creep deformation under
variable humidity conditions.

,erefore, in this study, laboratory tests were designed
to provide the creep behavior of concrete and the long-
term deflection of RC beams subjected to variable hu-
midity. ,ree types of exposure conditions were estab-
lished in the laboratory to investigate the effects of
variable humidity. A series of prismatic specimens and RC
beams were subjected to sustained loads and variable
humidity conditions for 331 days. Both the creep strain in
the prismatic specimens and the deflections of the RC
beams were recorded to investigate the characteristics of
their long-term deformation. Furthermore, the creep
coefficients provided by the CEB-FIP 90 [26] and ACI
209R [27] models were compared with the experimen-
tal results to evaluate the versatility of these current
specifications.

2. Experimental Test Program

2.1. Materials and Mixtures. ,e concrete mixture shown
in Table 1 was adopted in the present study. ,e com-
ponents consisted of ordinary Portland cement (PO 42.5),
coarse aggregate with a maximum gravel diameter of
20mm, fine aggregate with a fineness modulus of 2.6, and
polycarboxylate-based superplasticizer. ,e 7-day and 28-
day compressive strengths were 31.4MPa and 51.0MPa,
respectively. Two types of steel bars were used in the RC
beams; the mechanical properties of the steel bars are
shown in Table 2.

2.2. Test Setup of the Creep Behavior. To investigate the
effects of variable humidity conditions on the creep be-
havior of concrete, nine prismatic specimens were cast
with a length of 550mm, a width of 150mm, and a depth of
150mm, as shown in Figure 1. After 43 days of standard
curing under standard conditions (20 ± 1°C, >90% RH),
the prismatic specimens were subjected to sustained
loading using the creep apparatus. As shown in Figure 2,
two specimens were fixed into the creep apparatus by
means of two steel plates, after which the specimens were
tested simultaneously under direct compression. ,e
loading level was set at 30% of the peak load (calculated as
276 kN for all of the specimens).

To ensure the accuracy and long-term stability of the
measurements, a hand-held strain device with a digital
display was used to measure the creep deformation every
day. Two measurement points spaced at 250mmwere firmly
attached to the surface of each specimen. ,e measurement
process is shown in Figure 2.

After loading, all of the prismatic specimens were di-
vided into three series, as shown in Table 3. ,ree different
types of exposure conditions were considered in this study.
For exposure condition 1, the specimens were exposed to
natural air as the control. For exposure condition 2, the
specimens were first sprayed with water for 7 days and were
then exposed to air to allow them to dry for another 7 days.
Figure 2 shows the details of the spray system. To ensure
uniform moisture conditions for each specimen, an im-
mersed pump was used in conjunction with four PVC pipes
to spray tap water onto the surface of each specimen. For
exposure condition 3, the same spray system was used;
instead, the single variable was the wetting-drying cycle,
which lasted for 2 days (wetting for 1 day and drying for 1
day). Specimens CR-A-S, CR-B-S, and CR-C-S were tested
without loading to measure the shrinkage under different
exposure conditions. Meanwhile, creep strain can be cal-
culated by

εcp t, t0(  � εe t, t0( − εsh t, t0( , (1)

where t and t0 are the loading age and the time after loading,
respectively, εcp(t, t0) and εsh(t, t0) are the creep strain and
shrinkage strain, respectively, and εe(t, t0) is the total strain
measured with the hand-held strain device.

2.3. Long-Term Deflection Test Setup. Figure 3 shows the
dimensions and the reinforcement properties of the RC
beams. Ten beams were cast with a width of 120mm,
a depth of 150mm, and a length of 2100mm. Deformed
HRB335 steel with a diameter of 12mm was used as the
tension reinforcement. Two steel bars were used in each
beam and were hooked to avoid bond failure. Smooth
HPB235 steel with a diameter of 10mm was used for the
stirrups and the top-layer steel bars. Stirrups were placed
with a spacing of 100mm in the shear span (700mm).
Meanwhile, stirrups and top-layer steel bars were not
used in the moment span (500mm) to avoid the effects
of reinforcement on concrete creep in the compression
zone.
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Table 4 shows the details of the RC beams used for the
long-term de	ection test. �e loading age, exposure
conditions, and spray system were identical to those
employed in the creep test. Specimens ST-1 and ST-2 were
monotonically loaded to failure under four-point bending
to obtain the peak load of the beam, as shown in Figure 4.
Five out of eight beams were subjected to sustained loading
in a four-point bending con guration, and the loading

level was 30% of the ultimate load (9 kN), as shown in
Figure 5.

�e midspan de	ection of each beam was measured
using linear voltage displacement transducers (LVDTs)
every day. Beams LD-A-S, LD-B-S, and LD-C-S were
tested to avoid the e�ects of shrinkage on their long-term
properties. �e de	ection of each beam can be calculated
using

Table 2: Mechanical properties of the steel bars used in the present study.

Bar type Diameter (mm) Yield stress (MPa) Ultimate strength (MPa) Elastic modulus (GPa)
HRB335 12 350 512 215
HPB235 10 235 360 195

550 mm

15
0 

m
m

150 mm

Figure 1: Dimensions of a prism specimen.
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Figure 2: Creep test setup.

Table 1: Properties and mixture proportion of the concrete used in the present study.

Water
(kg/m3)

Cement
(kg/m3)

Coarse aggregate
(kg/m3)

Fine aggregate
(kg/m3)

Plasticizer
(kg/m3)

Slump
(mm)

Elastic modulus
(GPa)

195 390 1162 653 1.6 180 36.7
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δcp t, t0(  � δe t, t0( − δsh t, t0( , (2)

where δcp(t, t0) and δsh(t, t0) are the deflections due to creep
and shrinkage, respectively, and δe(t, t0) is the midspan
deflection measured by LVDTs.

3. Results and Discussion

,e creep and long-term deflection tests both lasted for 331
days. Figure 6 shows the variable temperature and hu-
midity data that were recorded regularly over the 331-day
period.

3.1.Creep Strain. Figure 7 shows the creep strain curves for
the specimens under exposure condition 1 (natural air).

,e development of creep strain could be divided into
three stages. During the first 10 days after loading, the
creep strain increased considerably, and the deformation
rate decreased gradually. During the approximate period
from 10 to 250 days after loading, the creep stain increased
linearly. Beyond 250 days after loading, the creep strain
tended to increase more slowly and eventually became
relatively stable.

Figure 8 displays the humidity data and creep strain
curves for the specimens under exposure conditions 2 and 3.
Note that the RH was maintained at 99% during the wetting
cycle.

,e creep strain curves of the specimens under exposure
conditions 2 and 3 both exhibit approximately linear ten-
dencies that are evidently different from those of the
specimens exposed to only natural air. During certain
wetting cycles, the deformation rate increased more slowly,
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Figure 3: Dimensions and reinforced bar properties of the RC beams.

Table 3: Details of the prismatic specimens used for the creep tests in the present study.

Specimen Loading age (day) Loading level (kN) Exposure ID Exposure condition
CR-A-1 43 276 1

Natural airCR-A-2 43 276 1
CR-A-S 43 — 1
CR-B-1 43 276 2 Sprayed with water (99% RH) for 7 days and

dried with natural air for 7 daysCR-B-2 43 276 2
CR-B-S 43 — 2
CR-C-1 43 276 3 Sprayed with water (99% RH) for 1 day and

dried with natural air for 1 dayCR-C-2 43 276 3
CR-C-S 43 — 3

Table 4: Details of prismatic specimens used for creep test in the present study.

Specimen Loading age (day) Loading level (kN) Exposure ID Exposure condition
LD-A-1 43 276 1 Natural airLD-A-S 43 — 1
LD-B-1 43 276 2 Sprayed with water (99% RH) for 7 days and

dried with natural air for 7 daysLD-B-2 43 276 2
LD-B-S 43 — 2
LD-C-1 43 276 3 Sprayed with water (99% RH) for 1 day and

dried with natural air for 1 dayLD-C-2 43 276 3
LD-C-S 43 — 3
ST-1 43 Monotonically tested up to failureST-2 43
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and the creep strain could have even recovered with an
increase in the humidity, especially under exposure con-
dition 3.

�e creep curves of specimens CR-A-1, CR-B-1, and CR-
C-1 and their creep strain at 331 days after the onset of
loading are shown in Figure 9. �e e�ects of cyclic wetting
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Figure 4: Static test results for specimens ST-1 and ST-2.
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Figure 5: Schematic of the sustained loading test setup.
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Figure 6: Temperature and humidity variations: (a) temperature; (b) relative humidity.

Advances in Civil Engineering 5



CR-A-1
CR-A-2

0 50 100 150 200 250 300 350
0

200

400

600

800

1000

St
ra

in
 (1

0–6
)

Time since loading (days)

Figure 7: Creep strain curves for specimens CR-A-1 and CR-A-2.
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Figure 8: Humidity data and creep strain curves: (a) humidity (exposure condition 2); (b) creep strain curves for specimens CR-B-1 and CR-
B-2; (c) humidity (exposure condition 3); (d) creep strain curves for specimens CR-C-1 and CR-C-2.
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and drying obviously decreased both the deformation rates
and the creep strain of the specimens. ,e creep strain at
331 days after loading the specimens under exposure con-
ditions 2 and 3 declined by approximately 22% and 35%,
respectively, compared with the specimens loaded under
exposure condition 1. Meanwhile, under exposure condi-
tions 2 and 3, no obvious differences in the creep strain were
observed during the first 30 days. After 30 days, however,
a shorter wetting-drying cycle (exposure condition 3) de-
creased the deformation rate; furthermore, the creep strain
at 331 days after the onset of loading under exposure
conditions 3 declined by approximately 16.7% compared
with that under exposure condition 2.

3.2. Creep Coefficient. ,e creep coefficient is often used to
evaluate the ability of concrete to experience creep, and it
can be defined as the ratio of the creep strain to the elastic
strain, as shown in

φ t, t0(  �
εcp t, t0( 

σc/E(28)
, (3)

where φ(t, t0) is the creep coefficient, εcp(t, t0) is the creep
strain, σc and E(28) are the loading stress and the elastic
modulus at 28 days, respectively.

As shown in Figure 10, the curves of the creep co-
efficients of the specimens in this study versus the time since
loading are compared with analytical predictions acquired
using the procedures proposed in ACI 209R [27] and CEB-
FIP 90 [26]. Table 5 displays the RH data and the analytical
results from these analytical methods. Note that the hu-
midity was considered constant in these methods and that
the average RH of the three exposure conditions was
employed.

As shown in Figure 10, the creep coefficients provided by
the CEB-FIP 90 [26] and ACI 209R [27] models all decreased
with an increase in the average humidity, and there were
rather large errors between the predicted results and the test
data. ,e prediction curves estimated a higher increasing
rate during the first 100 days and prematurely entered
a stable stage at approximately 150 days. At 331 days after the
onset of loading, the average ratios between the results
predicted using the CEB-FIP 90 model and the experimental
data under exposure conditions 1, 2, and 3 were 0.65, 0.66,
and 0.63, respectively, while those using the ACR 209R
model were 0.66, 0.75, and 0.86, respectively. Accordingly,
the CEB-FIP 90 model is evidently more sensitive to the
average humidity.

3.3. Long-Term Deflections of RC Beams. Figure 11 shows
the long-term midspan deflection of each RC beam. ,e
curves of the midspan deflections versus the time since
loading can be divided into two stages. In the first stage
during the first 25 days after loading, the deflections
developed quickly and increased approximately from
35% to 45% of the total deflection. During the second
stage exceeding 25 days after loading, the deflection
tended to increase more slowly and became relatively
stable.

,e effects of the humidity on the long-term deflection
were similar to those observed during the creep test. ,e
long-term deflection decreased with an increase in the av-
erage humidity. Cyclic wetting and drying obviously caused
a decrease in the deflections. ,e midspan deflections at 331
days after loading of the beams under exposure conditions 2
and 3 declined by approximately 10% and 22%, respectively,
compared with exposure condition 1.
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Figure 9: Creep strains of the specimens under different exposure conditions: (a) comparison of creep strain curves; (b) comparison of creep
strain at 331 days since loading.
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,e ACI 209R [27] model provides a simplified method
for predicting the long-term deflection of an RC beam due to
creep. ,e midspan deflection δ(t, t0) can be calculated as
follows:

δ t, t0(  � ξrφ t, t0( δi, (4)

where φ(t, t0) is the creep coefficient, δi is the instantaneous
deflection at the time t0 when the load is first applied, and ξr

Table 5: Parameters and calculated results for the predicted creep coefficients.

Specimen RH (%) t0 (day) t (day) Creep coefficient (ACI 209R [23]) Creep coefficient (CEB-FIP90 [22]) Creep coefficient
(experiment)

CR-A-1 60 43 331 1.64 1.62 2.62
CR-A-2 60 43 331 1.64 1.62 2.33
CR-B-1 75 43 331 1.45 1.27 1.93
CR-B-2 75 43 331 1.45 1.27 1.93
CR-C-1 80 43 331 1.39 1.02 1.69
CR-C-2 80 43 331 1.39 1.02 1.53
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Figure 10: Creep coefficients compared with the analytical model: (a) specimens CR-A-1 and CR-A-2; (b) specimens CR-B-1 and CR-B-2;
(c) specimens CR-C-1 and CR-C-2.
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is a factor to account for the movement of a neutral axis and
the inclusion of compression steel in the reinforced member
As′ and the inclusion of tension reinforcing steel As. ξr can be
calculated using

ξr � 0.85− 0.45
As′

As
 ≥ 0.4. (5)

No top-layer steel bars were used in the moment span in
this study. ,erefore, ξr was set at 0.85.

First, the theoretical creep coefficients predicted using
the ACI 209R [27] model (as shown in Figure 10) without
considering variable humidity were used to predict the
long-term deflection of each RC beam. Figure 12 shows
the predicted results compared with the test data. ,e
instantaneous deflection and the predicted deflection at
331 days since the loading of each beam are shown in
Table 6.

As shown in Figure 12, the ACI 209R [27] model
generated smaller predictions for all of the beams, and the
average ratios between the predicted and experimental data
under exposure conditions 1, 2, and 3 were 0.71, 0.74, and
0.80, respectively.

,e creep coefficients obtained from the creep test (as
shown in Figure 10) were then used to predict the long-term
deflection of each RC beam. Figure 13 shows a comparison
between the test data and the predicted results, fromwhich it
is clear that the predicted deflections at 331 days after
loading (acquired using the creep coefficients obtained from
the creep test) exhibit a higher accuracy and show good
agreement with the experimental results.

4. Conclusions

,e creep behaviors of concrete and the long-term de-
flections of RC beams under sustained loading and variable
humidity conditions were investigated in this study. ,e
following conclusions can be drawn:

(1) Tests of the creep behavior revealed that the effects of
cyclic wetting and drying obviously decreased both
the deformation rates and the creep strains of the
prismatic specimens. ,e creep strains at 331 days
after loading the specimens under exposure condi-
tions 2 and 3 declined by approximately 22% and
35%, respectively, relative to those under exposure
condition 1.

(2) ,e creep strain curves of the specimens under
exposure conditions 2 and 3 exhibited approxi-
mately linear tendencies in obvious contrast to the
specimens exposed to natural air. During certain
wetting cycles, the deformation rate became slower,
and the creep strain potentially even recovered with
an increase in the humidity, especially under ex-
posure condition 3.

(3) ,eoretical calculations of the creep coefficients
predicted using ACI 209R [27] and CEB-FIP 90 [26]
were compared with the experimental data. ,e
findings revealed rather large errors between the
predicted results and the test data when the average
RH was adopted in the analytical models.

(4) Similar to the results from the creep test, the long-
term deflection decreased with an increase in
the average humidity. Cyclic wetting and drying
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Figure 11: Long-term deflection of RC beams under different exposure conditions: (a) comparison of long-term deflection curves;
(b) comparison of deflections at 331 days since loading.
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obviously decreased the deflections of RC beams.
(5) ,e simplified method proposed in the ACI 209R

[27] model was used to predict the long-term
deflections of RC beams due to creep effects, the

results of which were compared with the test data.
,e results demonstrated that the predicted de-
flections at 331 days after loading (acquired using
the creep coefficients obtained from the creep test)
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Figure 12: Long-term deflections compared with the analytical model: (a) Beam LD-A-1; (b) Beams LD-B-1 and LD-B-2; (c) Beams LD-C-1
and LD-C-2.

Table 6: Parameters and the predicted deflections at 331 days after loading.

Specimen RH (%) t0 (day) t (day) δi (mm) Deflection (ACI 209R) Deflection (experiment)
LD-A-1 60 43 331 1.62 2.27 3.19
LD-B-1 75 43 331 1.76 2.18 2.87
LD-B-2 75 43 331 1.68 2.08 2.85
LD-C-1 80 43 331 1.72 2.04 2.58
LD-C-2 80 43 331 1.65 1.96 2.41
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exhibit a higher accuracy and show good agree-
ment with the experimental results.
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[5] S. Seara-Paz, B. González-Fonteboa, F. Mart́ınez-Abella, and
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