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Compressive strength and tensile strength are important mechanical properties of concrete. The long-term strength of concrete
under real service environment is an important parameter when evaluating existing buildings, which should also be properly
considered in structural design. In this study, the relationship between compressive and splitting tensile strength of old concrete
existing for long period under marine environment was investigated. At a deserted harbour, concrete cores samples were drilled
by pairs in site. For each pair of samples, the two cores were drilled from the adjacent location and conducted to compressive,
splitting tensile test, respectively. 48 compressive and splitting tensile strengths were finally obtained. From the test results, tensile
strength presents general uptrend with compressive strength, and the two parameters are well positively correlated. Exponential
model generally recommended by building codes or literatures is still capable of describing the relationship between compressive
and tensile strength of old deteriorated concrete, when function parameters are properly determined. Based on statistical theory and
the experimental result of this study, a method for predicting long-term tensile strength of concrete is developed and an example
is given, which may provide a potential way to estimate long-term concrete strength under real marine environment.

1. Introduction

The value of tensile strength of concrete affects the perfor-
mance of structures, such as the shear force resistance and the
load-bearing capacity of anchors with concrete cone failure
as decisive failure mode. Hence, as concrete compressive
strength, tensile strength is another critical mechanical prop-
erty, which should be appropriately considered in structure
design. The real value of the in situ tensile and compressive
strengths of concrete deteriorated under authentic service
environments for long time provide a necessary basis for
the evaluation of structures, especially for those, which have
existed for long period already. Considering the complexity,
cost, and time-consuming nature of performing tensile tests,
many researchers and building guidelines are interested to
predict the tensile strength from compressive strength and
their relationship in a simplified method with satisfactory

accuracy [1–5].Most correlations proposed by building codes
or literatures are based on normal curing conditions and
testing age of 28 days. In reality, there are many different
time-, load-, and environment-dependent impacts on con-
crete existing in real service conditions for long term. There-
fore, the compressive-tensile strength relationship in building
codes cannot be assumed without further observations and
investigations [5, 6].

On the other hand, so far, the concrete strength is
considered as time invariant, when conducting structural
design and calculation. In this way, constructions should be
completely reliable and the service life should be infinite, as
long as𝑅 > 𝑆 (𝑅 and 𝑆 represent resistance and stress in broad
sense) is satisfied in designing stage. But in fact, resistance
of material, such as concrete strength, may degrade with
time in outdoor environments, which leads to degradation of
reliability and overall structure performance. In this respect,
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it is worthwhile to underline that the time-varying char-
acteristics of concrete exposed to outdoor environment are
necessary to be further researched.Moreover, in construction
durability assessment or structure life prediction, the long-
term concrete strength, along with its time-varying features,
is essential information. However, it is not simple to carry out
studies to research the changing law of concrete strength in
long term, since it may takes several years or decades to run
the tests.

Accelerated aging tests and simulative environmental
tests are mainly adopted to study the environmental impacts
on concrete strength. Li et al. [7] researched acidification cor-
rosion depth and compressive strength of concrete subjected
to sulphuric acid environments by accelerated tests. The
results show that the remaining compressive strength values
for the concrete exposed to pH = 2 and 3 sulphuric acid water
environments and wet-dry cyclic sulphuric acid environment
with pH = 2 are 74%, 72%, and 80% of initial strength,
respectively. An accelerated corrosion by a sulphate solution
in a dry-wet cycle was introduced to simulate the external
sulphate corrosion environment by Zhou et al. [8]. The
accelerated corrosion test results indicate that the strength
degradation of concrete by sulphate attack had a significant
relation with the corrosion depth. Cai et al. [9] assessed the
concrete strength and deformation property under artificial
sea water erosion environment. Concrete stress and strain
curve was researched with the number of wet and dry cycles
of 0 times, 10 times, 20 times, 30 times, 40 times, 50 times, and
60 times. A biaxial concrete strength criterionwas established
taking into account the stress ratio and the number of dry-wet
cycles. Ramli et al. [10] studied the environmental resistance
of concrete incorporating coconut fibres.Three types of simu-
lated aggressive environments were adopted: air environment
in a tropical climate, alternate air, and seawater environments
in a 14-day cycle and continuous immersion in seawater.
Shang et al. [11] investigated mechanical properties of plain
concrete and air-entrained concrete subjected to freeze-thaw
cycles (F-T-C). The influences of F-T cycles on ultrasonic
velocity and mechanical properties of air-entrained concrete
and plain concrete were analysed. Also, accelerated aging test
or simulative environmental test is adopted in [12–18], which
shows that it is convenient and time saving to adopt such
experimental method to study the environmental effects on
concrete properties. However, there are apparent differences
between real service condition and artificial environment,
since the latter can merely reproduce several environmental
factors, such as sulphate, chloride ion, acid, high temperature,
and humidity. In fact, the real environment is far more
intricate and cannot be simply represented by simulative
environmental test. In addition, in the previous literatures
above, the longest aging time was 365 days [17], which cannot
be regarded as a long enough period when comparing to
the working life in practical engineering. Moreover, tensile
strength of concrete was scarcely discussed in those previous
studies.

There are only a few existing studies that investigated
long-term environmental effects on concrete strength under
real service conditions. However, only compressive strength
was researched. Ismail et al. [19] investigated compressive

Table 1: The atmosphere chloride content of Zhoushan city.

Distance to sea
(m) 2 100 140 200 260 340 500

Mean
precipitation
value of
chloride per
day (𝜇g/cm2d)

11.130 10.856 3.998 3.638 2.941 2.427 2.951

strength loss of concrete exposed to outdoor environment
by 6 year’s monitoring. Studies by Mehta [20] Shekarchi
et al. [21] and Washa and Wendt [22] discussed the long-
term concrete compressive strength under actual marine
environment. None of them addressed tensile strength and
the correlation between compressive and tensile strength of
concrete.

The major thrust of this study is to obtain both com-
pressive and tensile strengths of concrete under real marine
environment for long period (up to 61 years) and identify the
correlation between the twomechanical properties. Concrete
cores were drilled out by pairs at a deserted harbour in
Zhoushan city, Zhejiang province, China. Every two cores
of each pair were conducted in compressive and tensile
splitting test, respectively; then, the relationship between
long-term compressive and tensile strength was concluded.
The applicability of compressive-tensile strength relationship
recommended by literatures or building codes for con-
crete without deterioration (fresh concrete) was examined.
A better fitted relationship function was presented. After
that, based on statistical theory and a compressive strength
predictingmodel from literature, a tensile strength predicting
method was established and a calculating example was
provided for interpreting, which may offer a potential way
to estimate long-term tensile strength of concrete under real
marine environment.

2. Experimental Program

2.1. Concrete Cores Drilling. Zhoushan is a coastal city in
China. Constructions and buildings there are deteriorated
by typical marine environment, like seawater, marine atmo-
sphere, tidal waves, and so on.The yearly average temperature
is 15 to 20 degrees Celsius. The content of chloride ion in
atmosphere of Zhoushan city is given in Table 1.

Concrete cores samples were drilled from 4 different
sites at a deserted harbour of Zhoushan city. Site A is the
concrete slab of a deserted dock built in 1955. When tide
rises, the distance between the dock slab and sea level is 4m
approximately. Site B is a large piece of plain concrete on
seabeach, which was left as construction waste when nearby
new harbour was established in 2011. Site C is a concrete
pedestal of streetlight casted in 2000. Site D is the reinforced
concrete roof of a deserted building constructed in 2005.The
above four sites (A, B, C, and D) which had existed for 61,
5, 16, and 11 years till our test began are in adjacent areas.
All of them are not immersed by sea water due to their high
enough places and in atmosphere all time. Concrete cores
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Figure 1: The cores drilling site.

drilled fromeach siteweremarked as groupA, groupB, group
C, and group D, respectively.

In this study, the operations of drilling and testing refer
to the technical specification for testing concrete strength
with drilled core [23]. Location of steel bars was detected
by magnetic spectroscopy steel detector and proper drilling
places (away from bars) were selected, in order to avoid
damage to reinforcement. Cores with diameter as 75mm
were mostly drilled, which are smaller than standards core
samples in the formerly mentioned technical specification
[23]. Another 4 standard cores with diameter as 100mm
were drilled, since the 75mm-diameter drilling barrel was
severely worn out.The concrete cores were obtained by pairs.
For each pair of samples, the two cores were conducted to
compressive and tensile test respectively, aiming to investigate
the relationship between compressive and tensile strengths.
The 2 cores of each pairwere drilled fromclose enoughplaces,
which ensures that they consist of same batch of concretewith
identical deterioration. The place (site A) for drilling cores is
shown in Figure 1.

2.2. Cores Processing. The drilled cores were carefully pro-
cessed including incising and end faces dealing before
mechanical tests.

2.2.1. Cores Incising. Based on the mentioned test specifi-
cation [23], after processing, the height-diameter ratio of
core samples should be 1 theoretically, which can value from
0.95∼1.05 in actual operation. Incision machine with double
parallel blades was used and the distance between two blades
will determine the height of each core. Before incising, the
distance of double blades was carefully adjusted and then
fixed, in order to ensure that the height-diameter ratio of
each core is in the allowed range as 0.95∼1.05. The incising
procession is shown in Figure 2(a).

After incision, cores were paired up. Two cores of each
pair were confirmed to be obtained from close enough
locations. The matched cores were placed in pairs shown in
Figure 2(b).

2.2.2. Cores Selecting and Loading Test Preparing. According
to the test specification [23], there should be no more than 1
steel bar in qualified core and the diameter of steel bar should

be less than 10mm. The possibly existing steel bar should be
vertical to the shaft of core. Samples with obvious cracks or
flaws were excluded. According to the above prerequisites, 96
eligible cores (48 pairs) were finally selected. The end faces
of all cores were levelled. Belt grinder machine or polymer
cement mortar was adopted to make end faces smooth and
level, as shown in Figure 3(a).

The scales of each qualified core sample were measured.
Vernier caliper was applied to measure the diameters. Diam-
eter was measured twice for each core at two vertical places
and the average value was adopted as the final diameter,
which would be applied in the further strength calculation
(Figure 3(b)). Steel tap was applied tomeasure the core height
(Figure 3(c)). Lines were drawn on those samples that would
be tensile split to indicate the failure areas, as shown in
Figure 3(d).

2.3. Loading Test. All of the 96 core samples were numbered
before loading test. Every two cores of each pairwere the same
batch of concrete and deteriorated by environment equally:
one sample was conducted to compressive test, while the
other was conducted to tensile splitting test. Two universal
testing machines with measuring range as 500KN and
100KN are applied to compressive and tensile splitting test,
respectively. Finally, 48 compressive strengths were obtained,
as well as 48 tensile splitting strengths. Compressive and
tensile splitting tests are shown in Figures 4(a) and 4(b).

Test information as serial number, sample scale, and
the maximum applied force of each core sample is given
in Table 2. Data number consists of a three-part code, and the
aleph (A, B, C, andD) represents the group of samples, which
also indicates the places where concrete cores were drilled.
The second figure in data number presents the sequence of
sample pair in each group. The third figure in data number
indicates the type of mechanical experiment: 1 represents
tensile splitting test and 2 represents compressing test. 𝑑
and ℎ represent the diameter and height of core sample,
respectively; 𝑑/ℎ is the height-diameter ratio, which are all in
the allowable range as 0.95∼1.05; 𝐹 is the maximum applied
force of each sample in loading test.

2.4. Strength Calculation. According to the technical speci-
fication for testing concrete strength with drilled core [23],
compressive strength of core samplewas calculated as follows:

𝑓cu,cor = 𝐹c𝐴 , (1)

where 𝑓cu,cor is compressive strength; 𝐹c is the measured
maximum compressive force in the test; 𝐴 is the area of
compressive section.

The tensile split strength was calculated as [23]

𝑓cts = 0.637 ⋅ 𝐹spl,cor𝐴 ts
, (2)

where 𝑓cts is tensile splitting strength; 𝐹spl,cor is the measured
maximumsplitting force of each sample;𝐴 ts is the area of split
section; 0.637 is a coefficient derived from elastic theory.
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Figure 2: Incision progress and the incised cores.
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Figure 3: End face levelling, measuring scale, and preparing for loading tests.
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Figure 4: Loading test.
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Table 2: The primary data of experiment.

Data number Test type d/mm h/mm h/d F/KN Data number Test type d/mm h/mm h/d F/KN
A-1-1 Tensile splitting 99.5 98 0.98 44.16 A-1-2 Compressive 99.0 98 0.99 242.12
A-2-1 Tensile splitting 73.0 73 1.00 41.08 A-2-2 Compressive 73.0 73 1.00 183.45
A-3-1 Tensile splitting 73.0 73 1.00 49.48 A-3-2 Compressive 73.0 74 1.01 217.26
A-4-1 Tensile splitting 73.5 73 0.99 28.06 A-4-2 Compressive 73.5 74 1.01 73.46
A-5-1 Tensile splitting 72.5 73 1.01 25.36 A-5-2 Compressive 73.0 73 1.00 120.43
A-6-1 Tensile splitting 73.0 73 1.00 40.26 A-6-2 Compressive 73.0 74 1.01 195.54
A-7-1 Tensile splitting 73.5 73 0.99 26.33 A-7-2 Compressive 73.5 73 0.99 144.40
A-8-1 Tensile splitting 73.0 72 0.99 41.62 A-8-2 Compressive 73.5 74 1.01 161.85
A-9-1 Tensile splitting 73.5 75 1.02 34.80 A-9-2 Compressive 72.5 73 1.01 161.14
A-10-1 Tensile splitting 72.5 73 1.01 22.77 A-10-2 Compressive 73.0 73 1.00 125.92
A-11-1 Tensile splitting 73.5 73 0.99 20.44 A-11-2 Compressive 73.5 73 0.99 120.44
A-12-1 Tensile splitting 73.0 73 1.00 23.69 A-12-2 Compressive 72.5 73 0.99 111.41
B-1-1 Tensile splitting 73.0 73 1.00 36.26 B-1-2 Compressive 73.5 72 0.98 160.48
B-2-1 Tensile splitting 73.5 73 0.99 34.26 B-2-2 Compressive 73.0 73 1.00 130.01
B-3-1 Tensile splitting 73.5 70 0.95 30.72 B-3-2 Compressive 73.5 70 0.95 131.43
B-4-1 Tensile splitting 73.5 70 0.95 29.20 B-4-2 Compressive 73.5 70 0.95 196.10
B-5-1 Tensile splitting 73.0 73 1.00 17.35 B-5-2 Compressive 73.5 72 0.98 186.28
B-6-1 Tensile splitting 73.5 74 1.01 38.18 B-6-2 Compressive 73.5 73 0.99 132.79
B-7-1 Tensile splitting 73.0 74 1.01 37.64 B-7-2 Compressive 73.0 73 1.00 129.80
B-8-1 Tensile splitting 73.5 73 0.99 34.42 B-8-2 Compressive 73.5 73 0.99 111.68
B-9-1 Tensile splitting 73.5 73 0.99 42.64 B-9-2 Compressive 73.5 73 0.99 153.36
B-10-1 Tensile splitting 73.5 73 0.99 40.48 B-10-2 Compressive 73.0 72 0.99 129.65
B-11-1 Tensile splitting 73.5 73 0.99 48.48 B-11-2 Compressive 73.5 72 0.98 135.82
B-12-1 Tensile splitting 73.5 72 0.98 42.62 B-12-2 Compressive 73.5 73 0.99 275.46
B-13-1 Tensile splitting 73.5 73 0.99 47.34 B-13-2 Compressive 73.5 74 1.01 192.14
B-14-1 Tensile splitting 73.5 72 0.98 39.76 B-14-2 Compressive 73.5 74 1.01 136.07
B-15-1 Tensile splitting 73.5 70 0.95 20.53 B-15-2 Compressive 73.5 70 0.95 120.86
B-16-1 Tensile splitting 73.0 73 1.00 20.32 B-16-2 Compressive 73.5 72 0.98 108.14
C-1-1 Tensile splitting 73.5 73 0.99 33.78 C-1-2 Compressive 73.0 73 1.00 100.45
C-2-1 Tensile splitting 73.0 73 1.00 33.70 C-2-2 Compressive 73.0 73 1.00 89.58
C-3-1 Tensile splitting 73.5 73 0.99 37.94 C-3-2 Compressive 73.5 72 0.98 76.64
C-4-1 Tensile splitting 73.5 72 0.98 34.64 C-4-2 Compressive 73.5 73 0.99 80.27
C-5-1 Tensile splitting 73.5 73 0.99 40.94 C-5-2 Compressive 73.5 73 0.99 110.00
C-6-1 Tensile splitting 73.5 73 0.99 26.33 C-6-2 Compressive 73.5 74 1.01 138.09
C-7-1 Tensile splitting 73.5 73 0.99 36.10 C-7-2 Compressive 73.5 73 0.99 68.36
C-8-1 Tensile splitting 73.0 73 1.00 34.38 C-8-2 Compressive 73.0 72 0.99 90.91
C-9-1 Tensile splitting 73.5 73 0.99 28.38 C-9-2 Compressive 73.5 73 0.99 107.07
C-10-1 Tensile splitting 73.5 73 0.99 30.80 C-10-2 Compressive 73.0 72 0.99 61.20
C-11-1 Tensile splitting 73.0 73 1.00 32.08 C-11-2 Compressive 73.5 73 0.99 86.87
C-12-1 Tensile splitting 73.5 73 0.99 34.54 C-12-2 Compressive 73.0 73 1.00 87.90
D-1-1 Tensile splitting 73.0 70 0.96 32.70 D-1-2 Compressive 73.5 70 0.95 82.07
D-2-1 Tensile splitting 73.5 71 0.97 25.61 D-2-2 Compressive 74.0 73 0.99 138.60
D-3-1 Tensile splitting 73.5 72 0.98 29.28 D-3-2 Compressive 73.0 73 1.00 68.38
D-4-1 Tensile splitting 73.0 72 0.99 23.20 D-4-2 Compressive 73.0 72 0.99 65.78
D-5-1 Tensile splitting 73.5 73 0.99 25.18 D-5-2 Compressive 73.5 74 1.01 110.32
D-6-1 Tensile splitting 73.5 73 0.99 31.02 D-6-2 Compressive 73.0 72 0.99 65.35
D-7-1 Tensile splitting 73.0 72 0.99 21.62 D-7-2 Compressive 73.5 73 0.99 44.14
D-8-1 Tensile splitting 99.5 98 0.98 37.06 D-8-2 Compressive 99.5 95 0.95 139.54
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2.5. Size Effect. In the above technical specification [23],
diameter of standard concrete core is 100mm.However, there
are usually large amount of steel bars in the field testing
structures; as a result, drilling standard cores may cause
damage to the reinforcement. Therefore, nonstandard cores
with smaller scale are widely adopted in actual engineering,
as well as in this study. Besides, different guidelines or codes
may also adopt specimens with different shapes or sizes. In
order to make the test results of this study more generally
applicable, the size effect of nonstandard core samples was
discussed, and then, strength of core was converted to that of
150 × 150 × 150mm concrete cube specimen, which is defined
as standard specimen in common construction standards,
such as Europe codes [24] and China standards [25].

2.5.1. Size Effect of Compressive Strength. Great deal of exper-
imental studies conducted by China Academy of Building
Research demonstrated that when the height-diameter ratio
of core equals 1, compressive strength of core samples with
diameters ranging from 70 to 75mm is identical to that
of standard core samples, as well as 150 × 150 × 150mm
concrete cube specimens, which manifests that the size effect
on compressive strength may not be considered [23]. Aitcin
et al. [26] also showed that when the height equals diameter,
no significant difference is observed between compressive
strength of cores and cube specimens. Hence, this paper does
not take account of the size effect on compressive strength.
Furthermore, the compressive strengths of core samples in
this study were regarded as the strengths of 150 × 150 ×
150mm concrete cube specimens [23].

2.5.2. Size Effect of Tensile Split Strength. Through experi-
mental research and theoretical analysis, Bazant et al. [27],
Duan et al. [28], and Rocco et al. [29, 30] show that the tensile
splitting strength of concrete is strongly determined by the
size of test specimen. Wide range of experimental studies
were carried out on cubes, cylinder, and prisms to investigate
the size effect of tensile splitting strength by Kadleček et al.
[31]. It was demonstrated that the size effect highly depends
on the areas of splitting fracture section rather than the shape
of test specimens, which creates a unifying measurement for
size effect. A generalized size effect formula was presented,
which can be applied to cores or cubes obtained from existing
structures. According to Kadleček et al. [31], the tensile
splitting strength of concrete cores was converted to the
strength of standard test specimen (150 × 150 × 150mm).The
size effect formula is given as [31]

𝑘𝑝 = 𝑓ts,cor𝑓ts = 2 ⋅ 𝐴−0.128, (3)

where 𝑘𝑝 is coefficient of size effect; 𝑓ts,cor is the tensile
splitting strength of drilled core samples; 𝑓ts is the tensile
splitting strength of standard test specimen (150 × 150 ×
150mm);𝐴 is the area of splitting fracture section of concrete
core (cm2).

6.0

4.5

3.0

1.5

0.0
0 15 30 45 60 75

f
ＮＭ

(M
pa

)

f＝Ｏ (Mpa)

Group A (1955s)
Group B (2011s)
Group C (2000s)

Sub-group:
15∼35Mpa

fＮＭ = 0.19 · f＝Ｏ
3/4

fＮＭ = 0.439 · f＝Ｏ
0.55

fＮＭ = 1.34 · (f＝Ｏ/10)
2/3

fＮＭ = 0.28 · f＝Ｏ
2/3

fＮＭ = 0.49 · f＝Ｏ
0.5

Group D (2005s)
fＮＭ = 1.033 · f＝Ｏ

0.35

(best fitting curve)

Figure 5: Compressive and splitting tensile strength.

3. Results and Discussion

3.1. The Relationship between Long-Term Compressive and
Tensile Strength. According to Section 2.5, strengths of core
samples were converted to strengths of standard test speci-
mens, in order to improve practicability of the test result in
this research. All of the 48 data points are presented in a
coordinate system (Figure 5), with compressive strength as𝑥-axis and tensile splitting strength as 𝑦-axis.

The experimental result signifies that compressive and
tensile strength of concrete deteriorated by the marine
environment of Zhoushan city for long term still present a
certain regularity. The data points in Figure 5 distribute to
the right oblique upward, forming a zonal shape. Although
data points present discreteness, it is clear that as the raising
of compressive strength, the tensile strength of the same
concrete tends to increase as well. The correlation coefficient
between compressive and splitting tensile strength is 0.72,
demonstrating that the two types of strength are still well
positively correlated under environmental effects for long
period of time.

Generally, exponential law is recommended by literatures
or building guidelines to express the relationship between
compressive and tensile strength of concrete cured under
normal conditions and without environmental deterioration
(fresh concrete) [25, 32–34] (Table 3, left column). In Table 3,𝑓cu and 𝑓c are the compressive strength of 150 × 150 ×
150mm standard concrete cube and 150/300mm cylinder,
respectively. 𝑓ts is the splitting tensile strength of 150 × 150 ×
150mm standard concrete cube.𝑓t represents the axial tensile
strength of concrete. 𝑓c and 𝑓t are converted into 𝑓cu and𝑓ts based on the conversion formula borrowed from other
pieces of literature: 𝑓cu = 1.25𝑓c and 𝑓t = 0.9𝑓ts [32]. Then,
for fresh concrete, the relationships between compressive
and tensile strength in left column, Table 3, are rewritten
as the right column, where the strengths are 𝑓cu and 𝑓ts,
corresponding to the mechanical indexes of the test results
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Table 3: Compressive-tensile relationship.

𝑓t = 0.26 ⋅ 𝑓cu2/3 [32]
𝑓ts = 0.55 ⋅ √𝑓c [34]

𝑓t = 1.4 ⋅ ( 𝑓c10)
2/3 [33]

𝑓t = 0.395 ⋅ 𝑓cu0.55 [25]

}}}}}}}}}}}}}}}}}
⇒

{{{{{{{{{{{{{{{{{{{{{

𝑓ts = 0.28 ⋅ 𝑓cu2/3
𝑓ts = 0.49 ⋅ √𝑓cu
𝑓ts = 1.34 ⋅ (𝑓cu10 )

2/3

𝑓ts = 0.439 ⋅ 𝑓cu0.55
— 𝑓ts = 0.19 ⋅ 𝑓cu3/4 [32]

Table 4: The SSE of recommended functions.

Proposed functions SSE
𝑓ts = 0.19𝑓cu3/4 58.0081
𝑓ts = 0.439𝑓cu0.55 25.4530
𝑓ts = 1.34(𝑓cu/10)2/3 31.1486
𝑓ts = 0.28𝑓cu2/3 36.1975
𝑓ts = 0.49𝑓cu0.5 34.7893

in this study. Whether these existing compressive-tensile
strength relationships (Table 3) for fresh concrete are still
suitable for the deteriorated concrete in this paper or not was
further explored.

As observed from Figure 5, all the correlations between
compressive and tensile strength for fresh concrete recom-
mended by building codes or literatures are increasing func-
tions that basically present the tendency of the experimental
results in this research. However, from the deviation distance
between test results and these proposed function curves in
Figure 5, none of them expresses the compressive-tensile
strength relationship of the deteriorated concrete accurately
enough. The SSE (sum of squares due to error, calculated as
(4)), which is one of important indexes presenting goodness
of curve fitting, is shown in Table 4.

SSE = 𝑛∑
𝑖=1

(𝑦𝑖 − 𝑦𝑖)2 , (4)

where 𝑦𝑖 and 𝑦𝑖 represent the experimental and predicted
(through the proposed functions) tensile strength of concrete
and 𝑛 is the number of data analysed.

The SSE statistic is the least-squares error of the fit,
with a value closer to zero indicating a better fit. Nev-
ertheless, the SSE of all proposed functions listed in this
paper are large, together with quite small 𝑅-square statistics,
indicating poor fitting effects to the experimental results.
In addition, the index as (theoretical value − experimen-
tal value)/experimental value is used to reflect the errors
between experimental values and model predicted values
(Figures 6(a)∼6(e)). It is clear that all the relations for fresh
concrete 𝑓ts = 0.19𝑓cu3/4, 𝑓ts = 0.439𝑓cu0.55, 𝑓ts =
1.34(𝑓cu/10)2/3, 𝑓ts = 0.28𝑓cu2/3, and 𝑓ts = 0.49𝑓cu0.5 are in-
clined to underestimate the tensile strength. One possible
reason may be that, after environmental deterioration for
long time, compressive strength exhibits more degradation
than tensile strength, which increases the ratio of tensile
strength to compressive strength.

From the above discussion, it is shown that all the
compressive-tensile strength relationships for fresh concrete
listed in this study are not applicable to the environmen-
tally deteriorated concrete with satisfactory accuracy, which
may imply that appropriate revisions are needed. Hence,
adjustment for parameters in exponential function was
made aiming to promote the goodness of curve fitting.
The compressive-tensile strength relationship in exponential
form can be written as

𝑓ts = 𝑎 ⋅ 𝑓cu𝑏, (5)

where 𝑎 and 𝑏 are fitting parameters.
According to the test results, the function which best

presents the relationship between compressive strength and
tensile strength in this study was obtained through nonlinear
curve fitting (Figure 5):

𝑓ts = 1.02 ⋅ 𝑓cu0.36. (6)

The SSE and 𝑅-square of such fitting are 8.1256 and
0.5344. Also, the predicting error shown in Figure 6(f)
is reasonably moderate, which confirms that, even for the
concrete deteriorated bymarine environment for long period
of time, the compressive-tensile strength relationship can
also be rationally described by exponential function with
acceptable accuracy, if the parameters of function were
properly determined. This best fitting function (see (6))
can be regarded as a modified version of the compressive-
tensile strength relationship recommended by guidelines or
literatures for fresh concrete.

Furthermore, although concrete cores from groups A,
B, C, and D are deteriorated by marine environment for
different periods (61, 5, 16, and 11 years) and present various
ranges of strengths, they commonly share the same sub-
group (compressive strength ranging from 15Mpa to 35Mpa,
Figure 7), which may imply that the compressive-tensile
strength correlation𝑓ts = 1.02𝑓cu0.36 is adequately suitable for
concrete with compressive strength from 15Mpa to 35Mpa,
regardless of the exact deteriorated period within several
decades.

In concrete technology, the aggregate strength is usually
not a factor considered in normal strength concrete because,
with the exception of lightweight aggregates, the aggregate
partial is several times stronger than the matrix and the
interfacial transition zone in concrete. In other words, with
most natural aggregates the strength of the aggregates is
hardly utilized because the failure is determined by the
other two phases (matrix and interfacial transition zone).
However, aggregate characteristics other than strength, such
as the size, shape, surface texture, grading, and miner-
alogy, are known to affect concrete strength in varying
degrees. It may be anticipated that, independent of the
water-cement ratio, the size, shape, and surface texture of
aggregate particles would influence the characteristics of
the interfacial transition zone and therefore affect concrete
strength. Furthermore, since the interfacial transition zone
characteristics have more effect on the tensile strength of
concrete compared to the compressive strength, it is to be
expected that with a given concrete mixture any changes
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Figure 6: Prediction errors.

in the coarse aggregates properties would influence the
tensile-compressive strength relationship of the material.
Wang et al. [35] investigated the effects of the maximum
aggregate size 𝑑max on concrete tensile strength and fracture
toughness. Considering that concrete is highly heterogonous,
inclusion of 𝑑max in a final relation of concrete fracture

modelling is necessary. A simple methodology for analysing
quasibrittle fracture of small notched three-point-bend con-
crete specimen was presented to determine tensile strength
and fracture toughness. Fictitious crack growth before the
maximum load is considered by the maximum aggregate
size 𝑑max. Also, the tensile strength controlled (𝑓t-controlled)
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Figure 7: The subgroup shared by groups A, B, C, and D.

failure and fracture toughness controlled (𝐾IC-controlled)
failure link 𝑑max to the fictitious crack growth at the peak
load [36].However, in the experimental research of this study,
since the places for drilling core samples had existed for
years, the authors of this paper were not capable of obtaining
enough original engineering data in detail, such as mix pro-
portion, size of aggregate, and aggregate grading. Although,
aggregates near surface are roughly shown in the photographs
of core sample (e.g., Figure 3), the information of aggregate
such as the maximum size, shape, and distribution cannot
be accurately obtained since each sample has been incised
and processed. Hence the characteristics of aggregate are not
particularly considered in Section 2.4. In future research,
taking aggregate into analysis may be the further target,
which might add more profound explanations to the test
result of this study.

3.2. Prediction of Long-Term Strength
under Marine Environment

3.2.1. Prediction of Long-Term Compressive Strength. Based
on sufficient investigations on existing costal buildings in
China and Japan, Niu [37] empirically concluded a pos-
sible model for estimating long-term compressive strength
of concrete under marine environment. A nonstationary
stochastic process is applied to describe the changing law
of concrete compressive strength with time. At a certain
time 𝑡, the compressive strength is regarded as a random
variable obeying normal distribution.The probability density
function at any time is given as follows:

𝑝𝑓 (𝑥, 𝑡) = 1
√2𝜋𝜎𝑓 (𝑡) exp[[

−(𝑥 − 𝜇𝑓 (𝑡))2
2𝜎𝑓2 (𝑡) ]

]
, (7)

where 𝜇𝑓(𝑡), 𝜎𝑓(𝑡) is mean value and standard derivation of
concrete compressive strength after time 𝑡 (year), which can
be calculated as
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Figure 8: The predicted compressive and tensile strength.

𝜇𝑓 (𝑡) = 𝜉 (𝑡) 𝜇0, (8)

𝜎𝑓 (𝑡) = 𝜂 (𝑡) 𝜎0, (9)

where 𝜇0, 𝜎0 are mean value and standard derivation of
concrete compressive strength at 28 days (𝑡 = 0); 𝜉(𝑡) and𝜂(𝑡) are two functions of time, which are given as

𝜉 (𝑡) = 1.2488𝑒−0.0347(ln 𝑡−0.3468)2 ,
𝜂 (𝑡) = 0.0143𝑡 + 1.6024. (10)

Therefore, when 𝜇0, 𝜎0 are given, the probability density
function (PDF) of concrete compressive strength at any
time is determined by (7)∼(10). Then, compressive strength
with specific probability assurance rate at given time can be
determined through the PDF. For example, as stipulated in
the Europe code [24] andChina standard [25], the probability
assurance of the concrete characteristic compressive strength
is 95%. Based on the PDF, characteristic compressive strength
can be obtained by numerical calculation or simply by the
following formula (see (11)), since the probability is normally
distributed.

𝑓cu,𝑘 (𝑡) = 𝜇𝑓 (𝑡) − 1.645 ⋅ 𝜎𝑓 (𝑡) . (11)

For instance, the mean value and standard derivation of
concrete compressive strength at 28 days are 31.15Mpa and
3.738Mpa, respectively. According to the above Niu’s model
[37], the characteristic compressive strength (𝑓cu,𝑘) at any
time is worked out, as shown in Figure 8. Strength with other
probability assurance rates can be calculated similarly. Niu’s
model provides a possible method that is able to predict long-
term concrete compressive strength undermarine conditions
including marine atmosphere, tidal areas, and immersed
regions by seawater [37, 38]. According to the predicted
results by Niu’s model, the compressive strength of concrete
under marine environment shows increment in first 1 or
2 years after casting. This could be due to the continuing



10 Advances in Materials Science and Engineering

internal chemical reactions within concrete, which gives rise
to strength growth. For instance, formation of salt crystals
contributes towards enhancing cohesion among aggregates
which induces strength increase. Under long-term environ-
mental effects, corrosive substance attacks and the expansions
or shrinkages caused by environments would induce cracks
within concrete, especially for those with inadequate mix
design. Once the cracks are initiated, it allows the further
penetration ofmore harmful and corrosive substances, which
ultimately reduces the durability and strength of concrete
in a substantial manner. For that reason, concrete strength
tends to degrade with time in later period. Such possible
characteristic of strength change was concluded by Niu [37]
through numerous investigations on coastal constructions in
China and Japan.

3.2.2. Prediction of Long-TermTensile Strength. In Section 3.1,
for concrete with compressive strength ranging from 15Mpa
to 35Mpa, the recommended exponential function by this
study 𝑓ts = 1.02𝑓cu0.36 is applied to describe the compressive-
tensile strength correlationwithin acceptable error, regardless
of the specific deteriorated period among several decades.

Similar to Niu’s model, both compressive and tensile
strength are regarded as stochastic processes in this study,
which are two random variables at certain time. The exper-
imental research in this paper essentially presents the rela-
tionship (see (6)) between those two random variables.Then,
at given time 𝑡, the PDF of tensile strength can be derived
through the theory of probability. An example is provided
herein to elucidate themethod for calculating the statistic dis-
tribution of tensile strength, and then, the long-term tensile
strength is predicted.

For tensile strength, the Cumulate Distribution Function
(CDF) is derived as

𝐹𝑓ts(𝑡) (𝑥) = 𝑃 {𝑓ts (𝑡) < 𝑥} = 𝑃 {1.02 ⋅ 𝑓cu (𝑡)0.36 < 𝑥}
= 𝑃{𝑓cu (𝑡) < 1

1.02 ⋅ 𝑥1/0.36}
= 𝐹𝑓cu(𝑡) ( 1

1.02 ⋅ 𝑥1/0.36) ,
(12)

where 𝑓ts(𝑡) and 𝑓cu(𝑡) are the tensile strength and compres-
sive strength at given time 𝑡, which are both randomvariables.𝐹𝑓ts(𝑡)(𝑥) and 𝐹𝑓cu(𝑡)(𝑥) are the Cumulate Distribution Func-
tion (CDF) of random variable 𝑓ts(𝑡), 𝑓cu(𝑡).

Then, the probability density function of tensile strength
can be obtained through differential operation as

𝑝𝑓ts(𝑡) = 𝑑𝐹𝑓ts(𝑡) (𝑥)𝑑𝑥 = 𝑑𝐹𝑓cu(𝑡) ((1/1.02) ⋅ 𝑥1/0.36)𝑑𝑥
= 1
1.02 ⋅ 1

0.36 ⋅ 𝑥(1/0.36−1)𝑝𝑓cu(𝑡) ( 1
1.02 ⋅ 𝑥1/0.36) .

(13)

According to Niu’s research [35, 36], at given time 𝑡,
concrete compressive strength obeys normal distribution as
(8); hence

𝑝𝑓cu(𝑡) ( 1
1.02𝑥1/0.36)

= 1
√2𝜋𝜎𝑓 (𝑡)exp[[

−((1/1.02) 𝑥
1/0.36 − 𝜇𝑓 (𝑡))2

2𝜎𝑓2 (𝑡) ]
]
.

(14)

Bringing (14) into (13), the PDF of tensile strength at
certain time 𝑡 is obtained:
𝑝𝑓ts(𝑡)

= 2.72 ⋅ 𝑥1.78
√2𝜋𝜎𝑓 (𝑡) exp[[

−((1/1.02) 𝑥
1/0.36 − 𝜇𝑓 (𝑡))2

2𝜎𝑓2 (𝑡) ]
]
. (15)

Based on the statistic distribution of 𝑓ts(𝑡) shown as
(15), tensile strength with specific probability assurance
rate such as 95% (characteristic value) can be calculated
through numerical calculation, as well as tensile strengthwith
some other probability assurance rates. The predicted tensile
strength is shown in Figure 8. Resembling to the long-term
compressive strength, the long-term tensile strength presents
slight increase in the initial period and then decreases with
time; however, it appears as a relatively moderate tendency.
This section provides a possible method for estimating long-
term tensile strength of concrete under marine environment.
Using the method proposed herein, the concrete tensile
strength is predicted in several years or decades, rather than
several days or weeks only.

4. Conclusions and Prospects

An experimental research was carried out in this study to
investigate the relationship between the long-term compres-
sive and tensile strength of concrete under realistic marine
environment. Exponential function obtained through non-
liner fitting is recommended to quantitatively describe such
correlation. Based on the tests results, a possible method for
predicting long-term tensile strength is developed. According
to the finds in this study, the following conclusions can be
drawn:

(1) For concrete exposing to marine environments of
Zhoushan city for long period as several years or
decades, compressive and tensile strength present
certain regularity: as compressive strength increas-
ing, the tensile strength tends to increase as well.
The correlation coefficient between the two types of
strength is 0.72, indicating that they arewell positively
correlated after environmental deterioration.

(2) The exponential functions for fresh concrete (𝑓ts =
0.19𝑓cu3/4, 𝑓ts = 0.439𝑓cu0.55, 𝑓ts = 1.34(𝑓cu/10)2/3,𝑓ts = 0.28𝑓cu2/3, and 𝑓ts = 0.49𝑓cu0.5) proposed
by building guidelines or literatures only roughly
describe the overall tendency of compressive-tensile
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strength relationship for deteriorated concrete. Large
SSE along with quite small𝑅-square statistics indicate
their poor fitting effects. By adjusting the parameters
of exponential function, a best fitting curve (𝑓ts =1.02𝑓cu0.36) is recommended by this paper, which
demonstrates that the exponential model can be
extensively used to describe the compressive-tensile
strength relationships for both fresh and deteriorated
concrete. Moreover, the best fitting function (𝑓ts =1.02𝑓cu0.36) may be suitable for concrete with com-
pressive strength ranging from 15Mpa to 35Mpa,
regardless of the specific deteriorating period within
several decades.

(3) A potential tensile strength predicting method is
established within the frame-work of probability
analysis. The compressive and tensile strengths of
concrete are regarded as two stochastic processes.The
test in this study essentially investigated the relation-
ship of them. Based on formerly known probability
distributions of compressive strength from literature,
the probability distributions of tensile strength at
given time 𝑡 is determined through statistical anal-
ysis. Then, tensile strength with specific probability
assurance rate (such as 95%) can be worked out and
prediction of long-term tensile strength is accom-
plished, which may provide meaningful information
in life-through estimations, durability assessment, or
structural health monitoring.

In future studies, aiming to experimentally character-
ize a more representative relationship between long-term
compressive and tensile strength of concrete under marine
environment, the authors of this paper will obtain added
concrete samples from various coastal areas, not limited to
Zhoushan city. The characteristics of aggregate may be taken
into analysis. Also, the effectiveness of the method in this
paper for predicting long-term tensile strengthwill be further
verified.
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