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Abstract ; In order to study the calculation methods of bending
behavior of Chinese reinforced concrete beams from 1912 to
1949, tests on the mechanical performance of 66 rebars from
different modern Chinese concrete buildings, the concrete
compressive strength of 12 modern Chinese concrete
buildings, and the concrete cover thickness of 9 modern
Chinese concrete buildings are carried out; and the actual
material properties and structural conformations of modern
Then, the

comparison on calculation methods of bending behavior

Chinese concrete buildings are obtained.
including the original Chinese calculation method, the present
Chinese calculation method, the present American calculation
method and the present European calculation method is
studied. The results show that the original Chinese calculation
method of bending behavior is based on the allowable stress
calculation method, and the design safety factors are 3.55 to
4.0. In term of the calculation area of longitudinal rebars of
reinforced concrete beams, without considering earthquake
action, the original Chinese structural calculation method is
safer than the present Chinese structural calculation method,
the present European structural calculation method, and the
present American structural calculation method. The results
can provide support for the structural safety assessments of
modern Chinese reinforced concrete buildings.
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I n China, reinforced concrete structures were first built
in the Republic of China era from 1912 to 1949. In
numerous buildings built in this era, reinforced concrete
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buildings account for a large proportion. Nowadays, in
Chinese national cultural heritage conservation depart-
ments, especially in the provincial and municipal cultural
heritage conservation departments, reinforced concrete
buildings of the Republic of China era represent a consid-
erable number of heritage.
buildings are very different from present concrete build-
ings in many aspects, such as material properties, struc-

Chinese modern concrete

tural calculation methods and structural conformations.

In China, there are very few research reports about the
structural calculation method of Chinese modern rein-
forced concrete buildings. Zhao''' referenced the Ameri-
can code for the concrete structure and presented the
structural calculation methods of representatives of mod-
ern Chinese concrete structures. Zhang'’' studied the
structural calculation methods of modern Chinese concrete
structures and presented the calculation methods and the
conformations of concrete beams, concrete columns, con-
crete slabs, and concrete foundations. Chen"’ studied the
calculation methods of the internal forces of modern Chi-
nese concrete structures. Wang'*' introduced the structural
calculation methods of modern Chinese concrete structures
based on the case studies. Wang"’' made a brief introduc-
tion of the structural regulations of Shanghai International
Settlement of the Republic of China era. Lin et al. ' car-
ried out an experiment of the rebars taken from a modern
concrete building in Shanghai, and presented the relevant
yield strength and limited tensile strength. Chen et al. "’
carried out the test and assessment of a modern concrete
building built in the 1930s, and then presented the rele-
vant strengthening and repair methods.

Abroad, Gagg'™ studied the mechanical response of
concrete and reinforced concrete on its working environ-
ment. Crevello et al. ' discussed challenges for preser-
ving “historic concrete” and provided four case studies of
predictive corrosion condition assessments. Raffaele "’
carried out a series of destructive and non-destructive tests
on an important historic building in Reggio Calabria.

" presented the state of degradation

Marius and Gioncu
of important reinforced concrete buildings located in the
seismic zone in Banat, Romania and suggested different
ways to strengthen these historic buildings. Bertolini et

al. ' studied the conservation of historical reinforced
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concrete structures damaged by carbonation induced cor-
rosion by means of electrochemical realkalisation. Fran-

zoni'™

investigated the deep impregnation of cement-
based mortars and concrete with a solution of ethyl sili-
cate and with electrochemical treatments by means of a
solution of sodium carbonate and compared the character-
istics of treated and untreated mortar and concrete sam-
ples. Cohen'"*' evaluated a historic high-rise reinforced
concrete building in Newark NJ. Jackson et al. '"*' studied
the material characteristics of ancient Roman concrete by
assessing the Grande Aula, and the Markets of Trajan, an
example of the domed concrete architecture of imperial
Rome. Campanelli'®’ studied the restoration of the for-
mer Pirelli Tower in Milan. Courard'”’ studied the diag-
nosis of Saint-Vincent Church, Liege district, Belgium.
So far, the present research mainly focuses on the con-
servation techniques of historic concrete buildings, and
the comparative study on structural calculation methods of
the reinforced concrete members of modern Chinese rein-
forced concrete buildings is still at an early stage. In this

paper, comparative studies on the original calculation
method and the present calculation methods of bending
behavior of reinforced concrete beams of modern Chinese
reinforced concrete buildings are carried out with the con-
sideration of the actual material properties and structural
conformations.

1 Material Properties and Structural Conforma-
tions

According to Refs. [1 =5 ], the structural calculation
method of modern Chinese reinforced concrete buildings
is the allowable stress calculation method based on elastic
theory.

1.1 Allowable stress and safety factor

According to Refs. [ 1 —3 ], the limited strength, the
allowable stress, and the safety factors of the concrete and
rebar of the Republic of China era are summarized, as
shown in Tab. 1.

Tab.1 Allowable stress of concrete and rebar of the Republic of China era

Material Load Limited strength/ (1b - in~?) Allowable stress/ (1b - in~2) Safety factor
Compression 2 400(16.56 MPa) 600 (4. 14 MPa) 4.0
Concrete Tension 240( 1. 66 MPa) 60(0.41 MPa) 4.0
Shearing 60(0.41 MPa)
Compression 36 000(248. 36 MPa) 9 000(62. 09 MPa) 4.0
Rebar Tension 64 000(441. 54 MPa) 16 000 to 18 000(110. 38 to 124. 18 MPa) 3.55t04.0
Shearing 12 000(82.79 MPa)

Note: For modern Chinese concrete buildings, the elastic modulus of rebar is 15 times that of concrete.

The results in Tab. 1 show that the structural safety fac-
tors of the Chinese original structural calculation method
are in a range of 3.55 to 4.0; namely, the structural
safety reservation of the Chinese original structural calcu-
lation method is relatively large.

1.2 Actual material properties and structural confor-
mations

According to Refs. [ 1 =3 ], the concrete mixture of the
Republic of China era is often made in a ratio of 1 ( ce-
ment):2(sand ) : 4 ( gravel) by volume. The appropriate
diameter of the gravel in the concrete is required to be
from 12. 7 to 25.4 mm, and the appropriate diameter of
the sand in the concrete is required to be about 1. 27 mm.
According to the conversion analysis, the strength grade
of concrete of the Republic of China era is comparable to
the present strength grade of C15 concrete. For the origi-
nal structural calculation method of the Republic of China
era, the limited compressive strength of concrete is 16. 56
MPa, and the allowable stress of concrete is 4. 14 MPa.
Through the on-site tests of 12 Chinese typical modern
concrete buildings, 154 pieces of data of concrete com-
pressive strength were collected and analyzed, as shown
in Tab.2. The test samples were collected with the drill-
ing concrete core method, 2/3 of which were taken from

the columns and 1/3 were taken from the beams. The
compressive strength of the concrete cubes was obtained
through the conversion of the cylindrical compressive
strength of concrete samples. The results show that the
compressive strength of concrete of the Republic of China
era is between 10 and 20 MPa, and the results coincide
with the requirements of the original Chinese structural
calculation method. Through the statistical analysis of this
data, the test results of compressive strength of concrete
cubes overall follow the rule of normal distribution, and
the average of the compressive strength of concrete cubes
is 16. 36 MPa.

According to Refs. [ 1 =3 ], the appropriate diameter or
side length of longitudinal rebars of the Republic of China
era is required to be between 6 and 26 mm. The limited
tensile strength of rebars of the Republic of China era is
required to be more than 441. 54 MPa, and the allowable
stress of rebars of the Republic of China era is required to
be more than 110. 38 MPa. The physical and mechanical
performance of 66 rebars including 36 rectangular rebars
and 30 round rebars taken from different cities and differ-
ent buildings are tested and analyzed. The results show
that the yield strength of the rectangular rebars overall fol-
lows the rule of normal distribution, and the average of
them is 278. 60 MPa. The yield strength of the round re-
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bars also overall follows the rule of normal distribution,
and the average amongst them is 350. 65 MPa.

Tab.2 Test results of the compressive strength of concrete cubes

Compressive strength of

Typical case concrete cubes

Average/MPa CV/%
Main hall of Tomb of Yu in Shaoxing
17.18 16. 28
(1933)
No. I Building of Zhongshan East Road in
. 12. 05 2.58
Nanjing (1935)
Dahua Cinema in Nanjing (1934) 17. 62 14.20
Dacheng Factory in Changzhou (1935) 21.31 17. 80
Main Hall of Nanjing Museum (1937) 20. 60 9.69
H i -
uangpu Hall of Jiangsu Conference Cen 16. 20 14. 49
ter (1931)
F i f Post Office i Yat-
ormer site of Post Office in Sun Yat 16.08 15.79
sen’s Mausoleum (1947)
Former site of Heji Foreign Firm (1916) 12.53 17.53
F site of ital Ci i Nanii
ormer site of Capital Cinema in Nanjing 13. 44 14.28
(1931)
Yijiang City Gate in Nanjing (1946) 12.28 7.57
Former site of Jiangsu Post Office (1918) 15.40 16. 69
F si f Nanjing Merchants B
ormer site of Nanjing Merchants Bureau 14.30 19.73

(1947)

Note: CV is the coefficient of variation of the test values.

According to the requirements of the present Chinese
design code for the concrete structure "*"*’ | the standard
values of material strength need to ensure a 95% guaran-
tee rate, and test results of material strength shall follow
the rule of normal distribution. The standard value of ma-
terial strength f, can be calculated as f, = f,, — 1. 6450,
where f, is the average value of material strength, o is
the standard deviation. The design value of material
strength f can be calculated as f = f,/y, where y is the
partial factor.

According to the actual test results, for the Chinese
present structural calculation method, the standard value
of compressive strength of concrete cubes of the Republic
of China era is obtained as f,, =f,,. — 1. 6450, =16.36
—-1.645 x4.79 =8. 48 MPa. The relevant standard value
of axial compressive strength of concrete is obtained as f,,
=0.67f, =0.67 x 8.48 =5.68 MPa. The relevant
standard value of tensile strength of concrete is obtained
as f,, =0.88 x0.395 f27 (1 - 1. 6458,,)"* =1.20 MPa.
The standard value of yield strength of rectangular rebars
of the Republic of China era is achieved as f,, =f,,
1.6450, =278. 60 — 1. 645 x 29. 81 =229. 56 MPa. The
standard value of yield strength of round rebars of the Re-
public of China era is achieved as f,, =f,, —1.6450, =
350. 65 - 1. 645 x44. 88 =276. 82 MPa. The relevant de-
sign value of the axial compressive strength of concrete is
obtained as f, =f,,/y. =5.68/1.35 =4. 21 MPa. The rel-
evant design value of the tensile strength of concrete is
obtained as f, = f,/y. =1.20/1.35 =0. 89 MPa. The de-
sign value of yield strength of rectangular rebars of the
Republic of China era is obtained as f, =f,,/y, =229. 56/

1.1 =208. 69 MPa. The design value of yield strength of
round rebars of the Republic of China era is obtained as
S =fu/y, =276.82/1. 1 =251. 65 MPa.

According to Refs. [ 18 —21 ], for the present Ameri-
can structural calculation method, according to the con-
version analysis, the compressive strength of concrete
cylinders of the Republic of China era is obtained as f! =
7. 15 MPa. The relevant tensile strength of concrete is ob-
tained as f; =0. 89 MPa. The yield strength of rectangular
rebars of the Republic of China era is obtained as f, =
229.56 MPa. The yield strength of round rebars of the
Republic of China era is obtained as f, =276. 382 MPa.
For the present European structural calculation method,
the characteristic value of the compressive strength of
concrete of the Republic of China era is obtained as f, =
6.92 MPa. The relevant characteristic value of the tensile
strength of concrete is obtained as f, =0.76 MPa. The
design value of the compressive strength of concrete of
the Republic of China era is obtained as f, = f,/y, =
6.92/1.5 =4. 61 MPa. The relevant design value of ten-
sile strength of concrete is obtained as f, = f,/y. =0. 76/
1.5 =0.51 MPa. The design value of the yield strength
of rectangular rebars of the Republic of China era is ob-
tained as f, = f,,/y, =229.56/1.15 =199. 62 MPa. The
design value of yield strength of round rebars of the Re-
public of China era is obtained as f,, = f,/y, =276.82/
1. 15 =240. 71 MPa.

The concrete cover thickness of the Chinese original
structural calculation method is required to be more than
139 test data of con-
crete cover thickness of beams and columns were collect-
ed from 9 typical modern Chinese concrete buildings.
According to the analysis of this data, the average of the
concrete cover thickness of beams or columns is 35. 96
mm. The results are shown in Tab. 3. The test results of
concrete cover thickness of beams and columns approxi-
mately follow the rule of normal distribution, but the
discreteness of this test data is relatively high because of
the restriction of construction techniques at that time.

38. 1 mm for beams or columns.

Tab.3 Test results of concrete cover thickness of some typical cases

Concrete cover thickness

Typical case of beams and columns
Average/mm  CV/%
Main hall of Tomb of Yu in Shaoxing
40.6 19.0
(1933)
No. 1 Building of Zhongshan East Road in 01 20.8
Nanjing (1935)
Dahua Cinema in Nanjing (1934) 34.2 18.8
Dacheng Factory in Changzhou (1935) 36.0 11.8
Main Hall of Nanjing Museum (1937) 34.8 19.5
H i -
uangpu Hall of Jiangsu Conference Cen 341 1.0
ter (1931)
Former site of Heji Foreign Firm (1916) 35.8 21.6
Former site of Jiangsu Post Office (1918) 41.6 17.3
F 3 3 anii P Q P
ormer site of Nanjing Merchants Bureau 36.6 7.7
(1947)
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2  Comparative Analysis on the Original and
Present Calculation Methods of Bending Be-
havior of Reinforced Concrete Beams

According to Refs. [ 1 =37, for the original calculation
method, the calculation diagram of the flexural capacity

of the reinforced concrete beam is shown in Fig. 1.
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Fig. 1
concrete beam

Calculation diagram of flexural capacity of reinforced

The calculation formulae of the rebar area of the rein-
forced concrete beam are as follows:

B 1
STEY Ve (1)
. k
J=1—? (2)
£k
P, =="bd (3)
P,=P-P, (4)
_P
Av=ig (5)
Ao = - kd - d (6)
W(d=d) ()

where f, is the tensile stress of the rebar, and the allowa-
ble tensile stress of the rebar is 110.38 MPa; f, is the
compressive stress of concrete, and the allowable com-
pressive stress of concrete is 4. 14 MPa; k is the ratio of
the distance between the neutral axis of the beam and the
compressive side of the beam to the distance between the
center of the tensile rebar and the compressive side of the
beam; j is the ratio of the arm of force to the distance be-
tween the center of the tensile rebar and the compressive
side of the beam; b is the width of the beam; d is the dis-
tance between the center of the tensile rebar and the com-
pressive side of the beam; n is the ratio of the elastic
modulus of the rebar to the elastic modulus of concrete,
and is equal to 15. P is the flexural capacity of the beam;
P, is the flexural capacity of the beam without compres-
sive rebars; P, is the flexural capacity of the beam with
tensile rebars and compressive rebars. A, is the area of

tensile rebars; A, is the area of compressive rebars.

In this paper, taking examples from the merely suppor-
ted beams, the comparative studies on the calculation
methods of bending behavior of reinforced concrete beams
of modern Chinese reinforced concrete buildings are car-
ried out. The calculation methods include the original
Chinese calculation method, the present Chinese calcula-
tion method, the present American calculation method
and the present European calculation method.

Some typical rectangular reinforced concrete beams
bearing distributed loads are taken as the examples for
calculation, considering different cross section dimensions
from 250 mm x 500 mm ( width x height) to 450 mm x
900 mm ( width x height) , different spans, and different
live loads. For the Chinese original structural calculation
method (M1 ), the design strength of concrete and rebars
are the relevant allowable stress. The allowable stresses of
concrete and rebars are obtained according to Tab. 1. For
the present Chinese structural calculation method (M2 ) ,
the design compressive strength of concrete is f, = 4. 21
MPa, and the design tensile and compressive strength of
the rebar is f, =208. 69 MPa. For the present American
structural calculation method (M3 ), the design compres-
sive strength of concrete is f, =7. 15 MPa, and the design
tensile and compressive strength of the rebar is f, =
229. 56 MPa. For the present European structural calcula-
tion method (M4 ), the design compressive strength of
concrete is f, = 4.61 MPa, and the design tensile and
compressive strength of the rebar is f, = 199. 62 MPa.
The comparison of calculation results with different meth-
ods are shown in Tab.4 and Tab.5.

The results in Tab. 4 and Tab. 5 show that the maxi-
mum design bending moments of the original Chinese
structural calculation method are 35% to 38% , 50% to
55% , and 46% to 48% less than those of the present
Chinese, the present American and European structural
calculation methods, respectively. However, the calcula-
tion area of the longitudinal rebars of the original Chinese
structural calculation method are 30% to 43% , 14% to
32% , and 21% to 36% lager than those of the present
Chinese, the present American and European structural
calculation methods, respectively. Therefore, in terms of
the calculation area of longitudinal rebars of reinforced
concrete beams, without considering earthquake loads,
the original Chinese structural calculation method is safer
than the present Chinese structural calculation method,
the present European structural calculation method, and
the present American structural calculation method. In
other words, according to the requirements of the present
Chinese structural calculation method, the present Euro-
pean structural calculation method, and the present Amer-
ican structural calculation method, the flexural capacity of
reinforced concrete beams of the Republic of China era is
fundamentally safe.
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Tab.4 Calculation comparison on maximum design bending moment of doubly reinforced beams

Dimension of Span of  Live load/ My, / My,/ Error of My, Myz/ Error of My, Myy/ Error of My,
(mtr:imrgm) beam/m (kN -:-m~') (kN -m) (kN +-m) and My,/% (kKN -m) and My3/% (kN -m) and My,/%
200 x 400 3.0 14 18.0 24.8 -38 27.9 -55 26.7 -48
200 x 450 3.5 14 24.9 34.2 -37 38.4 -54 36.8 -48
250 x 500 3.5 20 35.4 48.6 -37 54.7 -55 52.4 -48
250 x 550 4.0 20 46.9 64.3 -37 72.3 -54 69.3 -48
250 x 600 4.5 20 60. 1 82.3 -37 92.4 -54 88.8 -48
300 x 650 4.5 25 75.6 103. 4 -37 116. 1 -53 111.6 -48
300 x 700 5.0 25 94.5 129.1 -37 144.7 -53 139.3 -47
300 x 750 5.5 25 115.8 157.9 -36 176. 8 -53 170.5 -47
400 x 800 6.0 30 171.0 232.2 -36 259.2 -52 251.1 -47
400 x 850 6.5 30 203.3 275.7 -36 307. 4 -51 298.3 -47
450 x 900 7.0 30 245.8 331.7 -35 368. 4 -50 359.4 -46
Note: M is the maximum design bending moment; error of My, and My, = (My, —My; )/ My, , i=2,3 4.

Tab.5 Calculation comparison on the area of longitudinal rebars of doubly reinforced beams

Dimension of

Span of

Live load/

2

Error of A

Error of A

Error of A

beam/ S A w/mm’ Al ,,/mm A, \p/mm? A g/ mMm
beam/m (kN-m~') % ’ and A \p/ % ’ and A \3/ % ’ and A \u/ %
(mm X mm) ' o '
200 x 400 3.0 14 572.7 373.2 35 471.0 18 419. 1 27
200 x 450 3.5 14 777.7 458.0 41 567.7 27 514.6 34
250 x 500 3.5 20 814.8 572.0 30 696. 8 14 642. 8 21
250 x 550 4.0 20 1115.4 691.0 38 838.7 25 776. 8 30
250 x 600 4.5 20 1423.6 815.9 43 974.2 32 917.5 36
300 x 650 4.5 25 1345.6 921.0 32 1 096.8 18 1036.6 23
300 x 700 5.0 25 1734.3 1075.1 38 1271.0 27 1210.4 30
300 x 750 5.5 25 2135.1 1236.3 42 1451.6 32 1392.1 35
400 x 800 6.0 30 2 806.5 1687.1 40 1961.3 30 1902.9 32
400 x 850 6.5 30 3319.4 1.896.6 43 2193.5 34 2 140.0 36
450 x 900 7.0 30 3542.2 2128.1 40 2445.2 31 2405.7 32

Note: A, is the area of longtitudinal rebars; error of A, y; and A, y; = (A

3 Conclusions

1) The average compressive strength of concrete cubes
of the Republic of China era is 16.36 MPa, and the
standard value of the compressive strength of concrete
cubes of the Republic of China era is 8. 48 MPa. The test
results coincide with the requirements of the original Chi-
nese structural calculation method.

2) The average of the concrete cover thickness of
beams and columns is 35.96 mm. The actual concrete
cover thickness of columns and beams is appreciably less
than the requirement of the original Chinese structural cal-
culation method.

3) In terms of the calculation area of longitudinal re-
bars of doubly reinforced beams, without considering
earthquake action, the original Chinese structural calcula-
tion method is safer than the present Chinese structural
calculation method, the present European structural calcu-
lation method, and the present American structural calcu-
lation method.

4) The original structural calculation method of rein-
forced concrete structures of the Republic of China era
does not consider earthquake action, while many of these

_A.s,Mi )/Ah,MI , =234

buildings are located in an earthquake prone area. These
buildings lack aseismic structural conformations, and will
be in danger when an earthquake occurs. The structural
assessment method of reinforced concrete structures of the
Republic of China era taking into account earthquake
loads will be further studied in future.
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