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Abstract: To accurately predict the variable material loads
( VMLs) of concrete structures during construction, the
equivalent uniformly distributed loads ( EUDLs ) are
determined. The EUDL with the same load effects as the
actual VML is produced on the shore. The VMLs of the
reinforced concrete structure prior to and after concrete
placement were investigated on-site and statistically analyzed.
The statistical characteristics of the VML were obtained. The
VML before and after concrete placements was randomly
modeled to derive its spatial correlation. The finite element
model established. The
characteristics of the influence surface for the shore axial force
were analyzed using the maneuver method. Then, a random
load was applied on the form surface. The EUDLs with the
same load effects as the actual VML were calculated. By
taking the standard value of a load, the recommended value of
the VML prior to concrete placement is finally proposed. The
results show that the VMLs surveyed at different construction
sites vary greatly. With the in distance, the
correlation coefficient of the random field zero-mean load
gradually decreases. The recommended value of VMLs can be
used to provide a reliable basis for the design and safety
control of formwork systems.
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he failures of reinforced concrete structures during
Tconstruction are often attributed to the collapse of
formwork systems. Based on the investigation and analy-
sis of several collapse accidents, construction loads ex-
ceed the bearing capacity of formwork systems during the
construction process, which is the main reason for the
collapse of formwork systems''™ . Loads during construc-
tion mainly include material loads (e. g., weights of
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fresh concrete, reinforcement, concrete forms, and form-
work components), the weight of construction personnel,
the weight of construction equipment, vibration load, and
impact load"”'. Construction loads are the loads imposed
on the formwork system during construction. They main-
ly include the weight of construction personnel, equip-
ment, and material loads. Material loads are divided into
two categories: fixed material loads (FMLs) and variable
material loads ( VMLs). FMLs refer to loads from fixed
materials in magnitude, and VMLs refer to loads from
With the
acceleration of the construction progress, a large number
of construction materials are often stockpiled on working-
surfaces in advance. The resulting VMLs may make actu-
al loads borne by the formwork system exceed the design
value of the structure, which become major potential
safety hazards of collapse accidents.

At present, research on loads during construction is
still very limited, and a unified understanding of loads
has not been formed. Chinese scholars mostly investiga-
ted the construction sites of concrete buildings, divided
the working surfaces according to different sizes, and
used the area average load method to deal with the inves-
tigated construction live loads'™ 1.
an investigation and statistical analysis on construction
live loads and concrete loads based on the influence sur-

stockpiled materials that vary in magnitude"’.

. Xie et a conducted

face method and presented the recommended values of the

o
7 measured con-

two forms of loads. Karshenas et al. '
struction live loads on working surfaces before and after
concrete placement and investigated the material, person-
nel, and construction equipment loads. Some construc-
tion load investigations directly measure the load effects

02714 Zhang et al. "' investigated the shore

of the shore
load during and following concrete placement at three
construction sites in Sydney and obtained the statistical
characteristics of the dead load effect and live load effect.
In addition, the assessment of load statistical information
for formwork systems is important when establishing safe-
ty criteria. Jin et al. "*""" hypothesized that loads from
stockpiled materials played an important role in the form-
work construction risk assessment system and studied the
load probability model of the formwork system during
construction based on in situ investigation and statistics
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data. Rosowsky et al. '™ established a probabilistic con-
struction load process model, which can take into account
the probability distribution and time characteristics of the
material stacking load.

Under different standards, the VML design of form-
works may greatly vary. ASCE/SEI 37-02" divides the
construction operation into four grades, namely, very
light duty, light duty, medium duty, and heavy duty,
according to the condition of working surfaces, and pres-
ents the corresponding combination values of VMLs and
construction live loads, which are 0. 96, 1. 20, 2. 40,
and 3.59 kPa, respectively. The British Standard BS EN
12812: 2008"" specifies that the additional VML value
can be determined between 0. 75 and 1. 75 kPa during
concrete placement. However, in the Australian standard
for concrete formwork AS 3610-19957", loads from
stockpiled materials vary during different construction sta-
ges. For example, it can be 4.0 kPa before and after con-
crete placement.

As the specific conditions of a construction site have a
great impact on the investigation and research of loads
during the construction period, there may be great differ-
ences in the statistical parameters of VMLs. The sample
quantity of the construction load investigation is not e-
nough to determine a complete load probability model.
The current research mostly simplifies the load probability
model to random variables and ignores the variability of
loads in space. Accordingly, the VML investigation data
prior to and after concrete placements were statistically
analyzed. The VML survey data prior to and after con-
crete placements were used to estimate the parameters of
the random probability load model. Based on the influ-
ence surface method, the derived random load model was
used to determine the load effects of the formwork sys-
tem. The equivalent uniformly distributed load ( EUDL)
of the shore axial force was calculated, namely, the EU-
DL that produced the same load effect as the actual
VML. Finally, the reasonable design value of the VML
was recommended. This work can provide a reference for
the design of formwork support and the reasonable and
scientific arrangement of material stacking.

1 In Situ Investigation of VMLs

The VMLs considered in this work were from stock-
piled materials, which mainly include the load caused by
the self-weight of construction materials that have been
partially in place or have been randomly stacked by con-
struction personnel. The VMLs greatly change during the
construction of the structure and are the focus of the load
analysis during the construction. The investigated VMLs
were from two stages: 1) prior to the concrete placement
stage, including the formwork erection stage and rein-
forcement binding stage; 2) after concrete placement
when the strength of the concrete has not reached the

standard value after concrete placement. Fig. 1 presents
the VMLs at different stages.

(c)

Fig.1 VMLs in different stages. (a) Formwork erection stage;
(b) Reinforcement binding stage; (c¢) After concrete placement stage

To obtain the distribution law of the loads, it is neces-
sary to investigate some construction sites and collect
enough data. When determining the construction sites to
be investigated, concrete construction projects are gener-
ally selected randomly throughout the country. However,
due to the influence of various factors, only a few pro-
jects have been approved for investigation. In addition, it
is not feasible to attempt to investigate more projects in a
short time. Therefore, the construction sites selected for
investigation within a certain range should be typical and
representative. The survey data in this work are from nine
projects with different scales, construction periods, and
characteristics, including canteens, residential buildings,
and commercial buildings. The buildings are all multi-
story and high-rise reinforced concrete structures. The in-
vestigated construction units have Class I construction en-
terprise qualifications. The construction behavior meets
the requirements of industry specifications after investiga-
tion. Tab. 1 shows the types of construction sites investi-
gated and the corresponding measured stages. After veri-
fication, the actual construction operations in situ are all
in line with the construction organization plan. When in-
vestigating the VMLs,
stockpiled materials on the working surfaces were recor-

the specific conditions of the

ded in detail, including the type, specification, quantity
of the material, and specific location. A steel winding
scale or flexible rule was used to measure the area of the
material on the working surface.

The VMLs of reinforced concrete structures during con-
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Tab.1 Description of the construction sites and measured stages

No. Description of the construction sites Measured stages

Multi-story residential building in  Prior to concrete place-

1

Beijing ment

) High-rise residential building in  Prior to and after concrete
Beijing placement

3 High-rise teaching office building Prior to and after concrete
and dormitory building in Beijing  placement

4 High-rise residential building in  Prior to concrete place-
Changzhou ment

5 High-rise office building and Prior to and after concrete
commercial building in Shenzhen  placement

6 High-rise office building and Prior to and after concrete
commercial building in Beijing placement

7 Multi-story residential building in  Prior to and after concrete
Beijing placement
High-rise blic canteens and

8 gi-se  pubn . c ) * After concrete placement
cross-platform building in Beijing

9 High-rise residential building in  Prior to concrete place-

Beijing ment

struction are various. Fig. 2 shows the VML investiga-
tion and standardization results of construction site 2 at

the formwork erection stage.
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Fig.2 VML investigation and standardization results of con-
struction site 2 (unit: mm)

To reflect the statistical characteristics of VMLs, the
area average load method was used to statistically analyze
the original load data obtained from the investigation.
When using the area average load method, the investiga-
ted working surface is divided into several equal grids ac-
cording to the specified size, and each grid is taken as a
unit. The ratio of the VMLs in the grid to the area is the
load value of the corresponding unit. If there is no load in
the grid,
called a non-zero load unit.

it is called a zero load unit; otherwise, it is

In this work, the surveyed construction plan of the
VML on the working surface was divided. When the
working surface is divided by a small grid size, the per-

centage of zero load units is relatively large; then, the
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average value of the unit load obtained by the statistical
analysis is large'""". Starting from the safety demand, the
grid size was determined as 0.3 m x0.3 m. After divid-
ing the working surface,
15 573. Among them, there were 3 421 non-zero load
units, accounting for 22% . The surveyed results of
VMLs prior to and after concrete placement were statisti-

the total number of grids was

cally analyzed. After the collation and statistical analysis
of the survey data, the statistical parameters of VMLs
were obtained. A chi-squared test was performed. The
results show that the VMLs can be best fitted by an expo-
nential distribution at a significance level of 5% . Tabs. 2
and 3 show the statistical results of VMLs for the con-
struction sites prior to and after concrete placement, re-
spectively. Tabs. 2 and 3 show that the standard devia-
tion of VMLs is large. This is mainly due to the different
construction methods, construction progress, and man-
agement level of each project, which makes the VMLs
among projects vary greatly.

Tab.2 Statistical results of VMLs prior to concrete placement

Site Measured Number of Mean,/kPa Standard
area/m> grids deviation/kPa

1 257 2322 0.593 1.330

2 484 2 705 0.498 1.273

3 109 5238 1.025 1.293

4 200 2 137 0.657 0.873

5 126 1125 1.282 2.026

6 48 240 0.261 0.736

7 269 2711 0.573 2.016

9 25 272 0.147 0.528

Tab.3 Statistical results of VMLs after concrete placement

Site Measured Number of Mean/kPa Standard
area/m?’ grids deviation/kPa
2 257 157 0.593 1.330
3 484 103 0.498 1.273
5 109 50 1.025 1.293
6 200 58 0. 657 0.873
7 126 1 896 1.282 2.026
8 48 198 0.261 0.736

2 Stochastic Modeling of VMLs

To calculate the VMLs equivalent to the actual loads
and uniformly distributed on the working surfaces, their
spatial correlation must be determined. The survey data
obtained from the in situ investigation and statistical anal-
ysis can be used to determine the parameters of the sto-
chastic load model. After dividing the working surfaces at
the construction sites, the strength data and relative posi-
tion of the loads were obtained. Based on the random
field theory and fitting method, the stochastic model of
VMLs can be described.

2.1 Probabilistic model of VMLs

The distribution of VMLs during construction can be
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equivalent to a generalized stable and uniform random
field model; that is, the distribution of load positions is
random. When any position u of the load on the working
face is known, the corresponding random function X( u)
can be obtained. The random function W(x, y) of the

load on the working surface can be defined as follows'”"':

W(x, y) = +v, +&(x,y) (1)

where x and y are the coordinates at any point; wu, is the
mean of the VMLs at all surveyed construction sites; Vs is
the random variable of the difference between construc-
tion sites with zero-mean, with y  obeying the exponen-
tial distribution; £(x, y) is a two-dimensional stationary
random field of the load intensity with a zero-mean value
at a construction site. We assume that a random variable
v, and random field g(x, y) are statistically independent.

The random variable vy, varies greatly among projects.
This variation is mainly caused by the difference in the
project scale, construction site characteristics, architectur-
al design, and other factors. If enough load data can be
collected, the mean value and variance of various combi-
nations of the above factors can be estimated, and indi-
vidual design loads would be calculated according to the
conditions of each group. However, if the load model is
used to determine the concrete construction load specified
in the code, it is better to develop one that can represent
all construction sites. The established model requires ap-
propriate sampling to ensure that the collected load data
include a balanced mixture of various concrete construc-
tion projects and are not dominated by one or two con-
struction sites. Based on the above reasons, the surveyed
data from different construction sites are combined, and
the load probability model that meets all construction sites
is obtained.

The stationary random field £(x, y) can be considered a
zero-mean random process with a non-zero spatial correla-
tion. As a result, the formula can be obtained as follows:

Covle(xy, yo)» (x5 )] #0 (2)

where Cov[e(x,, y,), €(x,, ¥,)] denotes the covariance
function of two random fields, &(x,,y,) and e(x,, y,),
and x,, y,, x,, and y, are the coordinates at any two
points.

The mean E[ W(x, y)] and variance §[ W(x, y)] of the
random function W(x, y) are described as follows:

E[W(x, )] =p, (3)
SLW(x, y)] =0'2 =U§ +o (4)

where o, is the standard deviation of the VML at all sur-
veyed construction sites, o, is the standard deviation of a
random variable Voo and o, is the standard deviation of
random field e(x, y).

In this study, Peir and Cornell’s equation'” is adopted
to determine the covariance function Cov|[ W(x,, y,).,

22]

W(x,, y,)] of two random functions,
W(x,,y,).
Cov [W(x(): yo)’ W(xp ,Vl)] =
E[ W(xo’ yo)W(-xl’ yl)] _E‘[VV(XOy yo)]E[W(X], yl)] =
o, +Covle(xy, ¥,). &(x,, y,)] (5)

W(x, ¥,) and

2.2 Determination of random field parameters

The VMLs obtained through the investigation and cal-
culation can be used to determine the parameters of the
random function W (x, y). To combine the measured
VMLs of the various construction sites, it must be as-
sumed that the established random field of VMLs is a
generalized uniform and stable random field. Hence, the
probability distribution of loads at different locations un-
der construction is the same.

The mean y, is obtained as

1 n
/"Lq = X;Mini (6)

A = YA (7)
i=1
where n is the number of investigated construction sites;
A, is the measured area of construction site i; A, is the to-
tal area of the surveyed construction sites; u,, is the mean
of the random process for the VMLs at construction site i.
The standard deviation ¢, can be obtained as

1 u 2
% = \/(nz(“ ~#) ®

The process is obtained by subtracting the correspond-
ing average load from the VML of a construction site. As
the measured area exceeds 0. 09 m’, the obtained process

is a discrete load process. The standard deviation ¢, can
181,

be estimated as follows

1 2
o, = mz Z‘ei(xj, yj) (9)

where g,(x;, y;) is the zero-mean load of a 0.09 m’ grid
centered at point (x;, ¥, of construction site i; X; and Y,
are the coordinates of the point in grid j; and m is the to-
tal number of 0.09 m’ grids at all the surveyed construc-
tion sites.

Taking the data from Tabs. 2 and 3 into Egs. (6) to
(9), u, prior to and after concrete placement can be cal-
culated as 0. 638 and 0. 435 kPa, respectively; o prior to
and after concrete placement can be calculated as 0. 373
and 0. 338 kPa, respectively; and o, prior to and after
concrete placement can be calculated as 1.452 and 1.962
kPa, respectively.

2.3 Covariance function

The load random field £(x, y) is a zero-mean general-
ized stationary and uniform random field, which can only
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be described incompletely by the correlation function. To

estimate the correlation function of the load random field

g(x, y), the correlation coefficient p(r) can be obtained
(21]

as

z 8[(‘xj’ },) Si(xk’ yk)

2
no

v

p(r) = (10)

where r is the distance between two points (x, ) and

(x, )5 &€,(x;,y,) and g,(x,, y,) are the zero-mean loads

of grids j and k at the construction site i, respectively; x,

and y, are the coordinates of the point in grid k; and n is

the number of loads multiplied by two zero-mean loads.
The distance can be obtained as follows:

r=J(x =x)" +(y, —y)’ (11)

According to Eqs. (10) and (11), the correlation co-
efficient p(r) can be computed. Fig. 3 shows the rela-
tionship between the correlation coefficient p(r) and dis-
tance r prior to and after concrete placement. The figure
shows that the correlation coefficient p(r) of the load de-
creases gradually and finally approaches zero with the in-
crease in distance r. Accordingly, the relationship be-
tween the correlation coefficient p( ) and distance r obeys
the exponential distribution.

Construction site 1

1.0 = OIS
> v Construction site 2
0.8 a Construction site 3
= > » Construction site 4
8 og6lk* *Construction site 5
8% e + Construction site 6
15} « Construction site 7
2 0493 g
s v 1t <« Construction site 9
g Iy — Exponential function
&= 02} .
©
]
£ 0 Lt 23
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<
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Fig.3 Correlation coefficient of VMLs. (a) Prior to concrete

placement; (b) After concrete placement

The exponential function can be fitted to the calculated
correlation coefficient as follows:

p(r) = aexp( —%)+c (12)
where a, b, and c are constants.

The least squares method was adopted to calculate a,
b, and c. The correlation coefficients p,(r) and p,(r) be-
fore and after concrete placement can be respectively cal-
culated as

pi() =0.746exp( - 1) ~0.027  (13)
p(7) =0.632exp(—0 g05)+0.016 (14)

Therefore, according to Eqgs. (13) and (14), the cor-
responding covariance functions G,(r) and G (r) of the
load random field £(x, y) before and after the concrete
placement are respectively given by

G (1) = a-ilpl(r) =

1.452) x (0.746 - T
(1.452) x( exp( 0.957

)—0.027) (15)

Gu(r) = Uizpz(r) =
(1.962)% x (0.632exp( -

0.;05)_0'016) (16)
where o, and o, are the standard deviations of the ran-
dom field £(x, y) before and after concrete placement,
respectively.

By substituting Egs. (15) and (16) into Eq. (5), the
covariance functions Z,,(r) and Z(r) of the VMLs be-
fore and after concrete placement can be respectively de-
scribed as follows:

Zy(r) =

0.139 + (1.452)° x (0.746exp( _0';57)—0.027)
(17)
Zan(r) =
0.114 + (1.962)° x (0.632exp( _0.505)_0'016)
(18)

3 Statistical Characteristics of EUDLs
3.1 Characteristics of influence surface

The formwork system is shown in Fig. 4. The VML
acting on the form face is transmitted to the shore through
the joist, bearer, and U-head, and the shore bears the ax-
ial pressure.

The maneuver method was used to draw the influence
surface for the shore axial force. The commercial soft-
ware ANSYS was adopted to study the characteristics of
the influence surface. The model featured an 8§ x 8 bay
with the longitudinal and transverse span and bearer spac-
ing set as 1.2 m. The joist spacing is 0.2 m. Except for
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Form face

Shore U-head

Fig.4 Schematic diagram of the formwork system

the target shore ( constraining the displacement in the X
and Y directions), the displacement in the X, Y, and Z
directions at the lower nodes of all shores was constrain-
ed. More details can be found in Ref. [23]. Fig. 5
shows the influence surface of the target shore obtained by
the maneuver method.

The first region_|

The second region ~J

The third region~y
The fourth region

+—Target shore

Positive region
[ONegative region

Influence surface height/m:
- —

-0.126 0 0.126 0.251 0.3750.500 0.625 0.750 0.875 1.000
(b)

Influence surface height/m:
-0.125 -0.083 0  0.033 1.000
()
Fig.5
regions; (b) Three-dimensional diagram; (c¢) Sectional diagram

Influence surface of the shore: (a) Positive and negative

Fig. 5 shows that the adjacent two spans of the target
shore have a great impact on the influence surface. The
region separated by two or three spans from the target
shore has almost no impact on the influence surface, and
the influence can be ignored. The influence surface height
has strong local effects. According to the characteristics
of the influence surface, the load was arranged in the
form’s surface region of two spans around the target shore
to obtain the most unfavorable condition.

3.2 Modeling and loading

The model featured a 6 x 6 bay with the longitudinal
and transverse span and bearer spacing set as 1.2 m. The
total height used is 3. 2 m. Other modeling details are
consistent with those presented in Section 3. 1. The finite
element model is shown in Fig. 6.

Fig. 6 Finite element model of the formwork

The load was applied to the formwork according to the
stockpiling sequence of materials on the form surface pri-
or to concrete placement. The 4 x4 bay form, including
the target shore, was divided into several grids. The grid
size was set to 0. 6 m x 0.6 m. The multi-load step meth-
od was used to solve the axial force of the shore. Fig. 7
shows the direction and boundary of the applied load.
The VMLs were generated according to the aforemen-
tioned random field model. The random field model
mainly includes three parts: constant My random variable
Voo and two-dimensional stationary random field £(x, y).
The process of generating loads is summarized as fol-
lows:

1) According to the function obtained by combining the
constant u,, with the random variable v, which obeys an
exponential distribution, the random load sample F, can
be outputted by adopting MATLAB software.

2) When the distancer is set, the corresponding value
of the correlation coefficient is calculated using Eq.
(13). Then, the resulting value is transformed into the
matrix D, .

3) Matrix A obtained by the Cholesky decomposition
matrix D, can be expressed as D, =A"A. The matrix D, is
transformed into the standard normal distribution correla-
tion coefficient matrix D, based on the Nataf transforma-
tion. Accordingly, the multidimensional standard normal
distribution sample B can be obtained.

4) The multidimensional normal distribution sample C
corresponding to the correlation matrix D, can be ex-
pressed as C = BA". The matrix C is used for the Chol-
esky decomposition to obtain the load sample F,.

5) The results obtained by combining the samples F,
with F, are used for loading.
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Fig.7 Load pattern of the model
3.3 Statistical analysis and recommended value

This study mainly examined the EUDL corresponding
to the maximum axial force of the shore during the load-
ing process. The bearing area method was used to calcu-
late the EUDL on the form surface. According to the re-
lationship between the shore axial force and bearing area,
the EUDLS can be obtained as follows:

S _Nmax
T A

n

(19)

where N, is the maximum shore axial force and A, is the
bearing area of the shore.

To ensure the accuracy of the calculation results and
save the calculation time, 500 Monte Carlo simulations
were performed for the formwork system under random
loads. The spiral loads were performed in the grid accord-
ing to the distance between the center point of the grid
and the central grid. The maximum axial force of the tar-
get shore was obtained during the loading process. The
EUDLS was calculated using Eq. (19). Fig. 8 shows the
frequency histogram for the EUDL. Through simulation
calculation, the mean value of the EUDL for the target
shore is 2. 73 kPa,
0.30. A goodness-of-fit test, namely, the chi-squared
test, was performed. The results show that the maximum
EUDL S can be best fitted by a normal distribution.
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Fig.8 Histogram for the EUDL (fitted with a normal distribu-
tion)

Refer to the method of taking the standard value of load
in the normal service stage of the structure; that is, the
standard value takes the load value with a 95% guarantee
rate. Based on this, the distribution law of the obtained
EUDL was used to determine the standard value. Based
on the statistical analysis, the 95% quantile value of the
EUDL for the target shore is 4. 1 kPa. Compared with the
standard value specified by the Australian standard AS
3610-1995"" template design, it is close to the standard
value of VMLs, which is 4.0 kPa. To simplify the calcu-
lation and consider the technical situation of general con-
struction enterprises, the VML standard value of rein-
forced concrete structures prior to concrete placement
should be 4. 1 kPa in the relevant Chinese construction
specifications. The in situ survey data show that a large
number of materials may well be stacked on the surfaces
of the formwork before and after concrete placement.
Considering that the Chinese standards neglect the de-
tailed provisions on VMLs, the recommended value can
provide a reliable basis for perfecting the standards and
improving the safety level of formwork systems. Howev-
er, due to the limited data sources of the investigation and
many factors affecting the load distribution, we will fur-
ther conduct several in situ investigations and analyses in
the future to make the conclusion more universally appli-
cable.

4 Conclusions

1) The statistical characteristics of VMLs were obtained
through an in situ investigation prior to and after concrete
placement. The statistical results clearly indicate that the
VMLs among construction sites vary greatly.

2) A random field model was established to describe
the VMLs. With the increase in the distance, the correla-
tion coefficient of the random field zero-mean load de-
creases gradually and finally approaches zero prior to and
after concrete placement. The relationship between the
correlation coefficient and distance obeys an exponential
distribution.

3) The maneuver method was used to draw the influ-
ence surface for the axial force of the shore. The results
show that the adjacent two spans of the target shore have
a great impact on the influence surface, and the region
separated by two or three spans from the target shore has
almost no impact on the influence surface.

4) The Monte Carlo simulations of the formwork sys-
tem under random loads show that the maximum EUDL
obeys the normal distribution. The recommended value of
VMLs prior to concrete placement for concrete structures
is 4.1 kPa. The research results can be used for reference
to perfect the standards and improve the safety level of
formwork systems.

5) Many factors affect the distribution of VMLs. In the
future, we will further perform several in situ investiga-
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tions and analyses to make the conclusions more univer-
sally applicable.
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