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A B S T R A C T   

Self-Compacting Concrete (SCC) offers favourable properties which help accelerate the casting 
time, especially in congested reinforced structures but when casting with SCC uncertainty re-
mains a challenge on the behaviour of its formwork pressure. Researchers have introduced several 
design models to predict pressure and its behaviour. This research aims to assess the design 
models that have been reported in the literature. The assessment was carried out through a series 
of rigorous laboratory tests and the results from the tests served as input for the mathematical 
model evaluation. Twelve concrete columns with 2 m height were cast in the laboratory to study 
the effect of varying the input parameters in the existing design models. The formwork pressure 
was documented by a pressure monitoring system, with the capacity to produce instant results for 
real-time remote monitoring of the pressure development during and after concrete casting. The 
formwork pressures were calculated according to the current design models and were compared 
with pressure data acquitted from the laboratory tests. The results showed that the pressure 
predicted by the design models was typically greater than the pressure observed during the 
laboratory tests. The DIN18218 design model showed a relatively close approximation of the 
pressure distribution over the formwork height and casting time. The limitation of the models is 
observed when the casting rate varies, and models are sensitive to the input parameters. Thus, 
additional development of the current design models is needed to enable reliable estimations of 
the pressure, for example, in the case of low and high casting rates. The laboratory tests also 
showed that high casting rates and high slump flows generate higher pressures whereas higher 
thixotropy results in faster pressure reduction during construction.   

1. Introduction 

Self-compacting concrete (SCC) is particularly valuable in the concrete industry for example when casting large civil engineering 
structures or complex structural shapes [1]. Contractors prefer to use SCC over normal vibrated concrete (NCC) because it is common 
with high flowability, suitable for fast casting situations, resulting in increased productivity and improvements in the working 
environment [2,3]. The formwork, as an important element to design for SCC, is rather expensive and the total cost of the form system 
may be as high as 40% of the overall project cost [4], hence leading to high demands on accurate form pressure estimations and 
formwork design. 

Form pressure exerted by SCC is an important consideration when using SCC, but it is still uncertainty still persist on how to es-
timate and calculate the maximum pressure as well as the pressure distribution over the height of the formwork [3]. Standards for 
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determining formwork pressure are generally accepted for NCC, but in many countries, for example, Sweden, there is no general 
standard or guideline to design the form for SCC in Nordic weather and extreme cold climate [5]. In practice, the formwork is designed 
with the presumption that a hydrostatic pressure would take place [3] and that is not practical because SCC rheology property results 
in lowering the pressure [6]. Hence, the hydrostatic pressure assumption eventually leads to an overestimation of the maximum 
pressure and a higher formwork cost is the result [7]. The estimation of the formwork pressure for SCC is typically described in a 
different standard, see e.g. ACI 347R-3 [8], and the European guideline for SCC [9], both standards recommend the assumption of 
hydrostatic pressure when designing the formwork. However, a literature review showed that several design models have been 
developed for SCC, typically predicting lower levels of pressure [10]. A previous laboratory study showed that hydrostatic pressure can 
be observed when the casting rate is very high and when the concrete is fresh, with a low viscosity, which is relatively uncommon 
onsite [3]. According to the findings by Ref. [11] the actual form pressure only reaches about 92–95% of the hydrostatic pressure even 
with casting rates as high as 10–30 m/h. In a different recent study by Assaad and Khayat [12] on the form pressure exerted by SCC 
which is used in structural repair and the results demonstrated that the actual form pressure ranged from 60% to as low as 34% at the 
end of casting, are significantly lower than the comparable hydrostatic pressure. This depends on different factors for example the 
location of casting, in bottom ups casting the response of the pressure seems to differ, that is demonstrated recently in a study by Zhang 
et al. [13] which showed the actual pressure can be higher because pumping the concrete from the bottom is associated with extra 
pressure for injectability and the results also indicated that pressure at the bottom will rise significantly as a result of friction. 

Design calculations based on hydrostatic pressure levels result in a conservative formwork design and unfavourable casting 
environment [3,7]. It may also result in reduced casting rates, leading to longer construction and project durations [3]. Besides that, 
uncertainty persists in the accuracy of predicting the actual form pressure, a circumstance that in some cases may cause low general 
acceptance of SCC as a construction material [14]. In the end, if the pressure can be monitored continuously and on a real-time basis, 
contractors onsite may be able to adjust the casting rate without compromising the safety of the workplace [14,15]. The form pressure 
is mainly controlled by the casting rate, especially for vertical structural elements such as walls, and columns [3]. Knowing the pressure 
enables the engineers either to cast faster or slower, depending on the capacity of the form and the pressure exerted by the fresh 
concrete [16]. In case of lower pressures, the construction engineers would be able to increase the casting rate, which in return could 
reduce the project duration [10]. When the pressure reaches higher levels, the engineer could take direct precautionary measures, such 
as reducing the casting rate [7]. 

After casting, the pressure starts to reduce since the concrete gradually builds its structure and bonds between its constituents, 
resulting in a pressure decay [12,17,18]. This leads to uncertainties regarding the time and characteristics of the pressure reduction 
which, ultimately provides an opportunity to speed up the casting procedure [7,19]. Knowing the pressure decay properties can also 
help to reduce the total construction time by speeding up the casting [20]. 

Recent studies have further extended the study of form pressure for heavy-weight SCC, for example, Glinicki et al. [21] developed 
high-workability (SCC) mixes using special aggregates for radiation-shielding concrete. Aggregates comprised heavyweight and hy-
drous aggregates to provide enhanced attenuation of gamma and neutron radiation. The results demonstrated that the density of the 
heavyweight SCC mixes was directly proportional to the lateral pressure on the formwork. An intensive review by Gowripalan et al. 
[22] summarizes that increased densities lowered both lateral pressure and concrete’s mobility by increasing the contact value be-
tween particles. 

This research applies a scientific approach to study the current mathematical prediction models of form pressure which have been 
documented in the literature. There is a necessity to assess these models giving credit to the current technological development in 
pressure monitoring equipment. The research consists of experimental work on a laboratory scale and theoretical studies on the design 
models. The findings obtained from the laboratory are compared with the theoretical model and a possible extension of the model is 
being discussed. The limitation of these models is then discussed for potential recommendations and applications. 

1.1. Theoretical pressure models 

Research has been ongoing to model the pressure and estimate the maximum lateral pressure exerted by SCC [23–30]. The ideas 
focused on the effect of different parameters such as materials properties and mix design, fresh concrete properties, and placement 
characteristics including casting rate and casting method, pumping location, and the height or vertical rise [10]. It seems to be difficult 
to finalize a unified model which fits SCC. The fact that each mix design behaves differently and has different fresh properties [3]. For 
instance, SCC which is a liquid like concrete during casting and changes to viscoelastic and by revibrating can regain its flowability at 
the early time [31]. The reason, it has a thixotropic behaviour while normal concrete doesn’t behave alike [32], thixotropy of SCC is 
defined as the decrease of plastic viscosity and it is a time-dependent property where at rest is viscous but then it starts to develop a 
structural build-up [32–37]. The cohesion of SCC also plays a major role in the amount of form pressure [9]. These parameters affect 
the amount of pressure and the removal time of formwork. Studies have shown that many factors impact the amount of pressure and 
these can be related to mixing design, fresh concrete properties, and placement method [10]. Casting rate specifically is considered one 
of the main factors that impacts on the amount of pressure [3,38]. Several mathematical prediction models for the form pressure have 
been established while focusing on different input parameters. The German standard, DIN 18218 [39], has been applied to estimate the 
maximum form pressure for SCC which is calculated by equation (1): 

σhk,max =(1+ 0.26 v ∗ tE) ∗ γc ≥ 30 kPa (1) 

Equation (1) shows the characteristic pressure and not the design value. It has a limitation where the pressure should be more than 
or equal to 30 kPa, the setting time tE is measured using the Vicat needle test as per [40], equation (1) is valid for tE from 5 to 20 h, and v 
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is the mean casting rate. Apart from this limit, the model considers hydrostatic pressure up to a maximum level (hs) as demonstrated in 
Fig. 1, thereafter maximum pressure takes place as (hE). And if the casting layers exceed a certain height there is a region with zero 
pressure where the concrete has built structural bonds to carry its own. 

The pressure then is calculated as: 

σhk,max = hs ∗ γc (2) 

For H is greater than hE = v ∗ tE , then the pressure decreases to zero. By that, the design value for the pressure σhd,max is obtained by 
multiplying σhk,max by a safety factor up to 1.5 for a safer design. Where v denotes the casting rate, tE is the setting time and γc is the unit 
weight of fresh concrete in kN/m3. The tE is the setting time is different from equation (1) which is described in the model to monitor 
the setting time by simply filling 8 L of concrete into a normal polyethylene bag then closed and placed in a bucket. The setting time is 
evaluated every 30 min by applying about 50 N force on the surface until it is dented nearly 1 mm impression. The setting time is then 
calculated by multiplying the time from the first water addition to the setting by 1.25. The setting time represents when the concrete is 
hardened and is self-carrying. 

Another model was developed by Khayat and Omran [41] by conducting extensive work to develop a mathematical prediction 
model to estimate the maximum pressure exerted by SCC. The model took into consideration the influence of casting depth (H), 
concrete temperature (T), casting rate (R), and minimum lateral thickness of the form (Dmin). The waiting time between successive 
casting layers (WP), maximum aggregate size (MSA). The model also considered the structural build-up (thixotropy of concrete) which 
is obtained using a portable vane or inclined plane test developed by Khayat and Omran [42]. This resulted in developing different 
models for specific availability of testing facilities and ambient temperature. For application, the model considered is the one for 
portable vane in different temperatures. 

Pmax =
ρgH
100

⌊
98 − 3.82H + 0.63R+ 11Dmin − 0.021PVτ0rest@15 min@Ti

⌋
× fMSA × fWP (3)  

where PVτ0rest@15min@Ti denotes the static yield stress after 15 min of rest obtained by the portable vane test. While fMSA denotes the 
correction factor and is assumed to be 1.0 except for MSA of 10 mm. 

Established intensive fieldwork was conducted by Gardner et al. [43] to develop a pressure design model for SCC. The model 
measured the casting rate, the time for slump flow to drop to 400 mm as an initial parameter to document the change of thixotropic 
properties of concrete. 

P=wR
(

t −
t2

2t0

)

where, t < t0 (4)  

Where, t0 = t400

[
initial slump flow

initial slump flow − 400mm

]

(5)  

Pmax =
wRt0

2
where, t > t0 (6) 

The pressure is assumed to be constant if t > to and reached to maximum if t = t0. However, if the time require to fill the whole form 
is th = height of the form/R is less than t0 then equation (4) is used. Where t is the time taken to complete casting. w = unit weight of 
concrete (kN/m3). The model in equation (6) is applied to determine the maximum pressure for different casting rates. 

Using the concept of regression analysis, Teixeira et al. [27] developed a statistical regression model to estimate the pressure where 
seven parameters were taken into consideration which included the height of the cast concrete, placement rate, slump flow, concrete 
temperature, cement type, minimum dimension and size of the cross-section and the maximum pressure is expressed in the following 
equation: 

Fig. 1. Simplified form pressure distribution according to DIN 18218: 2010-0 [39].  
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Pmax =KγH (7)  

K =KRK∝KHKTKdKcKst (8)  

K is the coefficient is to be applied to the main equation, KR is the casting rate coefficient, Kα is a slump flow coefficient, KH is the 
coefficient of correction by the height of the concrete, KT is the coefficient of correction by the concrete temperature. Kd is a coefficient 
of correction by the minimum dimension of the cross-section. KC is a coefficient of correction by the cement type. KST is a coefficient of 
correction by the cross-section type. The method to calculate these coefficients is described in Ref. [27]. 

Moreover, Beitzel [44] developed a model based on the silo theory of Janssen and the model incorporates the influence of structural 
build-up, casting rate, the height of casting, and the dimension of the form width (m). The maximum horizontal pressure is expressed 
by: 

σh = σv −
2Cthix ∗ H

v
(9)  

where, 

σv = ρgH −
CthixH2

vd
(10) 

The term Cthix is the structural build-up (Pa/s) which is generally ranging between 0.1 and 0.5 Pa/s, v is the casting rate, d is the 
form width (m), and H is the height of the form. 

Ovarlez and Roussel [23] used the same theoretical background of the silo theory of Janssen which makes it different from Beitzel 
model [44], it considers the friction of the wall and the maximum static yield stress of the concrete denoting the thixotropic behavior, 
the form geometries, casting rate, and fresh concrete density. The model considered the time-dependent stress increase at rest denoting 
the thixotropic behavior. The model also considers the form geometries such as height and thickness. The model also incorporated the 
casting rate and fresh concrete density and expressed the maximum pressure in the following equation: 

Pmax = ρgH −
H2Athix

eR
(11)  

where ρ is the density, g is the gravitational acceleration, 9.81 m/s2, H is the height (m), Athix is the static yield stress at rest (Pa/s), e is 
the form thickness (m), and R is the casting rate (m/h). 

Another model developed by Proske [24] is based on the silo theory of Janssen. The model considered the friction between con-
crete, reinforcement, and formwork with the pressure as a time-dependent ratio. The casting rate, the specific weight, the setting time, 
the minimum dimension of the form, and the age of the concrete were taken into consideration. The setting time is noted as 1.25 times 
the setting time obtained by the bag test as prescribed in DIN18218. The mean pressure value is obtained using the following equation: 

Pmax =maxP(t) (12) 

While the characteristic design value is calculated by: 

Pmax =
(

R.
tE
10

)(0.72+0.178.arctan(Dmin))

.arctan
(
(Dmin.12)0.45

)
.2.37γc (13)  

where Pmax is the maximum pressure design value, R is the casting rate, tE is the setting time, Dmin is the minimum dimension, γc is the 
unit weight of concrete. 

The model developed by Lange and Tejeda [20,28] took into consideration the concrete behaviour at rest by the pressure decay. 
The methodology used to develop the model was by casting a pipe 920 mm in height and 250 mm in diameter. The pressure is 
expressed in the following equation: 

Ph = γRt
c0

(at2 + 1)α (14)  

where γ is the unit weight (kN/m3), R is the casting rate (m/h), t is the total casting time (h), C0 is the initial pressure, (a) and (α) are 
time-dependent variables. According to Ref. [20], C0 has a typical value of 0.95, and α has a typical value of 12 while a is a fitting 
parameter which is 0.32. 

1.2. Form pressure measurement 

The accuracy of form pressure measurement has previously been the focus of many developers and pressure gauge manufacturers. 
The challenge is instrumenting the sensors to have direct contact with the concrete and being able to monitor the pressure decay. It is 
therefore rather difficult to obtain accurate results and most pressure systems lack the possibility of real-time monitoring. One pre-
viously proposed idea is to develop a digital monitoring technology that can help the contractor to adjust the casting rate based on real- 
time data from the actual casting [45]. This application remains the interest of researchers, i.e. to develop a smart and self-adapting 
pressure measuring and modelling system to have constant monitoring resulting in potential decision-making on the speed of casting 
[3]. 
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Several methods and measurement systems have been developed in the past. These systems use mainly sensors that are placed and 
mounted on the inner surface of the form to detect the pressure [46]. Some other sensors are fixed to the form parts to record the lateral 
stress on elements e.g. the studs, bolts, bracings, and ties [47]. A French construction company named GMT [48] employed two 
systems to monitor the pressure of SCC using 1.25–2.5 m lengths, thickness 0.25–0.4 m, and 2.8–5.6 m height formwork, the first 
system uses a manometer to measure the pressure, the system consists of stiff pipe, rubber bag and the pressure at the surface is 
detected, while the second system employed an electronic pressure sensor to have an immediate pressure detection, the casing rate 
ranges from 10 to 15 m/h, both systems showed relatively similar pressure amount and that is nearly close to the hydrostatic pressure. 
The reason behind that is the high casting rate which has been proven by many researchers that high casting rate results in a similar 
amount with the hydrostatic pressure [2,4,38]. The Swedish construction company NCC AB also used a pressure monitoring system 
using hydraulic jacks in different elevations where the casting was from the top and bottom using a pump, the casting rate was between 
6 and 12 m/h and the obtained pressure was lower than the hydrostatic pressure and the maximum pressure recorded as 64 kPa [48]. 

Another attempt by Amirreza et al. [49] used artificial neural networks and support vector regression to model the form pressure 
for fresh normal concrete, the method used three input parameters which are the water and cement content, aggregate and admixtures, 
a 112 data samples used to run the model. The study focused on normal concrete and more possible studies imply the same concept can 
be used to model form pressure for SCC. While for precast concrete, Yang et al. [50] studied the pressure for vertical joints where a 
prototype was simulated with a structure that is 2.8 m and the peak pressure recorded was 70 kPa where the pressure was recorded 
using a general purpose tester. In a different research, Jiang et al. [51] proposed an ultra-deep underground diaphragm which proves a 
good method to monitor the pressure. In wall structure, Hussien [52] attempted to determine the optimum casting rate while adopting 
only 1.5 m/h rate and found that the pressure is affected by different parameters including concrete temperature. 

Several additional laboratories- and full-scale tests have been executed to monitor the pressure exerted by fresh SCC. For example, 
McCarthy and Silfwerbrand [14] performed a full-scale test with a wall dimension of 2.4 m in length and 3.3 m in height. In the setup, 
different methods were used to monitor the pressure using direct pressure sensors, strain at the members of the form, and tension force 
at the ties. The sensors used to monitor the direct pressure are developed by Honeywell company and the sensor is rated from 0 to 687 
kPa. The sensors were located at 110, 530, 1130, 1730, and 2630 mm from the bottom of the form. The casting rate was between 1 and 
3.5 m/h. The outcome focused on the comparison between the differences between stresses generated from the tie, strain on the 
members, and direct pressure [14]. In another full-scale investigation, a group of scientists [53], conducted a full-scale validation of 
existing pressure models on 8 wall structures. The results showed sufficient accuracy for all models, however, the recommendation 
from the study was to suggest further improvement and verifications. Additional studies were also recommended to examine how 
certain parameters, such as temperature, moisture, and dosage of admixtures affect the level of maximum pressure for SCC [53]. 

1.3. Rationale and contribution of the research 

Efforts have been made by researchers and formwork suppliers to estimate and model the pressure mathematically [3], but these 
models have not yet been generally accepted as design standards, except DIN 18218 [39]. These models are presented and discussed 
beforehand. This research aims to assess these models. The models are applied by theoretically estimating the form pressure using the 
associated input parameters which are obtained in the laboratory. Thereafter, the pressure estimated by the theoretical models is 
compared with the pressure obtained in the laboratory. The limitations and deviations of these models are discussed accordingly. The 
output of this research would interest researchers, formwork manufacturers and contractors on construction site to precisely opt the 
appropriate design model suiting the casting concrete environment. Finally, the possibilities of further development of a more reliable 
model are recommended. 

Fig. 2. Methodology of the pressure monitoring system.  
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2. Methodology 

2.1. General methods 

The methodology in this study consists of three parts: The first part concerns studies on current theoretical models and defining the 
required parameters to obtain in the laboratory, the second part is to use a newly developed pressure system by PERI to inquire about 
the pressure data in real-time, then the development of an experimental test setup that can simulate the actual concrete casting process 
using controllable laboratory setup while testing and documenting the concrete parameters used in different design models, and the 
final part focuses on the assessment of the theoretical models and comparing them with the results obtained from the laboratory tests. 

The pressure monitoring system used in the experiments is based on the idea of transforming information from cast-in-place 
concrete into a digital information model, with the help of cutting-edge sensors and the internet of things. The digital trans-
formation can be obtained by the on-site sampling of information with embedded sensors, transmitting the information data to the 
cloud and instantaneous representation of the data on any smartphone or computer, anywhere. The process of the monitoring system is 
demonstrated in Fig. 2. 

The system consists of pressure sensors which are installed on the formwork the data transmitters which collect the pressure data 
from the sensors and transmit the information to a cloud-based online portal. At the computer station, real-time data can thereby be 
displayed instantaneously, making it possible to monitor and follow up on the pressure levels and development during casting, as 
illustrated in Fig. 2. The main unit wirelessly communicates between the sensors and nodes and transmits data into the cloud. This will 
enable easy monitoring of the pressure, and in case the pressure is lower than expected, the casting rate can be increased, or reduced 
casting rates in case of high pressures. This technology enables fast and safe casting and construction, especially for large structural 
elements such as high walls and columns. 

2.2. Mix design and test plan 

In Table 1, the testing program is presented for all the laboratory work. The main idea was to check each pressure-impacting 
parameter individually by fixing one parameter for example casting rate then changing the slump flow by controlling the SP 
amount. The laboratory test plan is presented in Table 1 which the same plan has been previously used to study the effects of different 
parameters on the form pressure published in Ref. [54] (see Table 2). 

A fixed mix design was used to run the test while controlling all the materials except the amount of SP which was varied according 
to the slump flow requirement and the cement type. Two different types of cement with different setting times were used the first is 
called Bascement (BAS) CEM II/A-V 52.5 N which is according to the supplier Cementa recommended to be used in standard housing 
concrete work. While the second cement is called Anläggningscement FA (ANLFA) a Portland-fly ash cement type CEM II/A-V 42,5 N 
MH/LA/NSR which is used in civil engineering infrastructure and mass concrete [54]. 

The superplasticizer (SP) is MasterGlenium 592 (the amount varies for different slump flows). The concrete was mixed in the 
laboratory using a small mixer in different batches. For each layer of casting, a new batch of concrete is prepared while maintaining the 
same properties. The measurement of the slump was recorded and maintained for each batch to secure similar flowability. 

Several characterizations of the concrete were performed to be used as input parameters for the theoretical design models 
addressed before. Slump flow, T500, density, air content, and static yield stress using a portable vane were documented. The slump 
flow and T500 are recorded every 30 min until reaching 400 mm flow diameter because it is an input for the model developed by 
Gardner et al. [43] which is defined as the slump loss. It is an indication of knowing the time when concrete losses its flowability and 
starts to build its structural build-up in the bottom layers of the structure and the time used by the theoretical models. The ambient and 
concrete temperatures were also documented. 

The setting bag test according to DIN 18218 [39] was performed which is needed as an input parameter for the model. The 
procedure was followed according to the standard where about 8 L of concrete is filled in a polyethylene plastic bag and placed in a 
bucket. Every 30 min the consistency is evaluated by a manual press of thumb of approximately 50 N on the bag surface and checking 
the impression on the concrete. The depth of the impression indicates the setting condition. Setting time is defined as 1.25 times the 

Table 1 
Laboratory tests plan.  

Test code Initial slump flow (mm) Casting rate (m/h) Cement type Variations 

BAS1 700–750 0.25 CEM II/A-V 52.5 N (BAS) Casting rate 
BAS2 0.5 
BAS3 1 
BAS4 4 
BAS2 700–750 0.5 Slump flow 
BAS5 600–650  
BAS6 500–550  
BAS7 400–450  
ANLFA1 700–750 0.25 CEM II/A-V 42,5 N (ANLFA) Cement type, casting rate 
ANLFA2 0.5 
ANLFA3 4 
ANLFA1 700–750 0.5 Cement type, the slump flow 
ANLFA4 600–650  
ANLFA5 500–550   
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time taken to dent less than 1 mm. For example, the setting time is recorded as of te,kb = 5 h, then the final setting time is te = 1.25*5 =
6.25 h (concrete cast longer than 6.25 h from the mixing is assumed to be self-carrying according to DIN18218 [39]. 

The portable vane setup was developed locally in the laboratory following the standards and guidelines proposed by Khayat et al. 
[55] and demonstrated in Fig. 3. The portable vane test was performed immediately after mixing for each concrete recipe to measure 
the static yield stress after 15 min of rest (PVτ0rest@15min@Ti). It was performed for the fresh concrete to be used as an input for the 
theoretical models as described in Ref. [55], Fig. 3. 

After mixing the concrete batch, cubes are filled with fresh concrete to a specific immersion height which is noted, the container is 
then covered at the time of rest, a torque meter is attached to the vane, and the vane is rotated slowly about 10–15 s for a quarter turn, 
the maximum torque value is then recorded and converted into static shear stress using the following formula as prescribed in 
Ref. [55]: PVτ0rest =

T
G where: G = 2πr2( h+1

3 r
)

and T is the torque value, r is the vane radius (37 mm), h is the immersion depth of the 
vane into the concrete (180 mm), then, G is calculated for this test as 1653,6 cm^3. Table 4 shows an example of the results for concrete 
mix with slump: 700–750 mm, and BAS as cement type. 

The variation of PVτ0rest with a time of rest was recorded at different intervals which denotes the change of thixotropic charac-
teristics of the concrete. It indicates the shear strength of plastic concrete subjected to various times of rest. 

2.3. Form pressure setup 

In the laboratory, an instrumented setup was installed to replicate the casting process. A circular 2 m high column, d = 0.15 m is 
possible to cast, Fig. 4. The pipe material used is transparent to enable documentation of the casting height. The four sensors are placed 
at 0.05 m, 0.5 m, 1 m, and 1.5 m from the bottom respectively. The sensors were fixed on a 3D-printed plastic adapter to grip the 
sensors at the specified locations. Opening for the sensors, d = 50 mm was drilled in the formwork providing the diaphragm of the 
sensor being direct contact with the concrete. 

The pressure was monitored instantaneously, and data from the main unit was transferred to the cloud at 1-min intervals. This 
allows for real-time communication about what is happening inside the formwork. The form was filled in from the top, and the casting 
rate was kept according to the need stated in Table 1. An example of concrete placing for 0.25 m/h where the casting is performed 
using freshly cast concrete while maintaining the slump between 700 and 750 mm for all the batches. Hence, the formwork is a 
transparent pipe that allows visual noting of the concrete level. 

The mixing and casting process were performed simultaneously, for example when casting 1 m/h, the first batch is prepared for the 
first layer and that is cast in 1 h then a new batch of concrete is prepared to fill the next layer with fresh concrete. 

Table 2 
Concrete mix design.  

Material Cement: BAS/ANLFA Filler Agg 0–8 Agg 8–16 SP (MG592) Water 

Kg/m3 350 140 978.1 652.08 Table 3 207  

Table 3 
The amount of superplasticizer SP (MG592).  

Test code 
BAS1 BAS2 BAS3 BAS4 BAS5 BAS6 BAS7 ANLFA1 ANLFA2 ANLFA3 ANLFA4 ANLFA5 
5.25 5.3 5.25 5.25 3.6 2.75 2.02 4.38 4.38 4.38 3.81 3.4 

All units in Table 3 are in kg/m3Fresh concrete testing. 

Fig. 3. Portable vane test.  
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3. Results and analysis 

The results include two parts, the first part discusses the results of concrete properties and pressure monitoring in the laboratory 
while the second part presents the theoretical analysis of formwork design models discussed previously. 

3.1. Fresh concrete properties 

Inclusive testing was performed for each concrete mix to ensure the input parameters are documented for mathematical model 
calculation. Table 5 includes the properties of concrete documented at each test. 

T500 indicates the time required for the flow to reach 500 mm diameter directly when lifting the slump cone. 
The data in Fig. 5 is helpful for the models to know the time required for the slump to reach 400 mm and that is essential for the 

design models for example Gardner et al. [43]. The results show linear decrease of slump flow overtime because no revibrating was 
applied to the concrete and remained at rest when testing. This scenario happens mostly in more flowable concrete for example BAS1 
which has an initial flow of more than 700 mm. The data in Fig. 5 acquitted by using different slump cones and were field and left to 
their designated time and afterword tested for slump flow. .While the data obtained from the portable vane test are also necessary for 
the mathematical models developed by Khayat and Omran [41] specifically the PVτ0rest@15min@Ti denotes the static yield stress after 15 
min of rest, Fig. 6. These data were also obtained from the torque values that is applied in different time intervals according to the 
guidelines presented in Ref. [41]. 

According to the results in Fig. 6, the static yield stress of the concrete is increased when time increases and that is due to the 

Table 4 
Variation of static yield stress with time obtained using portable vane test (BAS2).  

Minutes Torque (T) kg.cm (PVτ0rest@15min@Ti) (kg/cm^2) (PVτ0rest@15min@Ti) (Pa) 

0 10,5 0,006 622,72 
15 11,9 0,007 705,75 
30 21,7 0,013 1286,95 
45 23,1 0,014 1369,98 
60 24,3 0,015 1441,15  

Fig. 4. Laboratory instrumented setup.  

Table 5 
Fresh concrete properties.  

Test code Density (Kg/m3) Air content (%) Air temperature ◦C Concrete temperature ◦C Setting time (hours) 

BAS1 2324 1.6 23 18 6 
BAS2 2326 1.8 23 18 6 
BAS3 2331 1.7 22 18 6 
BAS4 2321 1.9 21 19 6 
BAS5 2332 1.9 21 19 5.5 
BAS6 2336 2.1 22 18 5 
BAS7 2342 2.3 21 19 4.8 
ANLFA1 2382 1.7 18 22 6.5 
ANLFA2 2364 1.4 21 18 6.5 
ANLFA3 2356 1.6 22 19 6.5 
ANLFA4 2421 1.2 20 18 6.7 
ANLFA5 2426 1.9 20 17.5 6.5  
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concrete being in rest and no vibration happened. To compare with the slump flow, concrete that persists high flowability tends to 
result in less yield stress. This can be observed also from the results presented in Ref. [41]. 

3.2. Pressure monitoring 

The form pressure was monitored over time, Fig. 7, for different tests as defined in Table 1 where the variations considered different 
casting rates, slump flow, and cement type. 

The pressure reading from sensor 1 which is mounted at the bottom of the form increases in the first 3 h and then it starts to 
decrease, Fig. 7. The concrete at the bottom starts to form structural build-up and the concrete starts to hold itself, the increment after 
the fifth hour is due to the thermal stress surcharged by the hydration mechanism. This indicates the concrete starts to harden, and the 
binder is reacting to create the bonds between the concrete ingredients. The second sensor, which is mounted 0.5 m from the bottom, 
however, exhibits an increase whenever a new batch of concrete is delivered. The overall pressure decays over time, as indicated by 
sensor 1’s pressure reduction, and that provides time for additional casting, which will accelerate the construction process in the actual 
casting structure. This demonstrates the feasibility of designing formwork at a lower cost when using SCC. 

Fig. 8 shows the response for each sensor over the height of the form for selected measurements compared with hydrostatic 
pressure. From the data, the overall maximum recorded pressure is at sensor 1, which is 13.9 kPa, while the maximum recorded 
pressure for sensors 2, 3, and 4 are 12.3 kPa, 9.3 kPa, and 6.6 kPa respectively. The results showed the pressure increases with height 
but when the casting rate is low the pressure starts to decrease at a fast rate at the bottom layers. It is important of noting then to 
compare the actual recorded lateral pressure with the hydrostatic pressure Phydro = ρgh, where ρ is the fresh concrete density which 

Fig. 5. Slump flow every 30 min interval.  

Fig. 6. Static yield stress at various times of rest PVτrest.  
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was measured at 2331 kg/m3 whereby the actual pressure is less than the hydrostatic pressure and that gives room to speed up the 
construction time since the form is designed to withhold the hydrostatic pressure. These findings are consistent with a number of 
earlier findings, including but not limited to Ref. [6]. [29,56,57]The question then asked what happens if the casting rate is increased 
and that is presented in Fig. 9. 

Fig. 9 demonstrates the monitoring for the second column where the casting rate was held constant at 0.5 m/h. Four batches in 4 h 
are shown in the results. A high casting rate prevented the concrete in the bottom layers from forming the structural bonds necessary to 
hold itself, as shown by the reduction pattern, which can be seen when comparing the results with the casting rate of 0.25 m/h. 

Fig. 10 demonstrates the pressure vs. form height where it shows when the concrete is freshly cast it behaves like a hydrostatic but 
after time the form pressure starts to decrease. Comparing to casting with 0.25 m/h the pressure is slowly reduced at the bottom layer. 
The result shows the maximum values obtained by taking the average of all sensor readings at specified heights for different casting 
rates of 0.25, 0.5, 1, and 4 m/h. Pressure is highly affected by the casting rate where a higher casting rate leads to higher form pressure. 
A variation of slump flow was also performed by controlling the amount of added superplasticizer. Other comparative results on the 

Fig. 7. Real-time pressure monitoring for a column cast with 0.25 m/h cast (BAS1).  

Fig. 8. Pressure vs the height of casting for 0.25 m/h (BAS1).  

Fig. 9. Formwork pressure monitoring for casting rate of 0.5 m/h cast (BAS2).  
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effect of different input parameters are presented in previously published article [54] which are summarize as below.  

1. The pressure is significantly impacted by the initial slump flow. Higher form pressure results from the higher initial slump flow. It 
has been extensively discussed in Refs. [22,54].  

2. Additionally, the pressure decay is influenced by the structural development (thixotropy) of concrete with time; this phenomenon 
has been extensively researched in relation to how concrete behaves, starting to apply less pressure at the bottom cast layers as it 
hardens more quickly. The pressure reduction is discussed more in another finding includes the following researches [6,56].  

3. It is also of significance to observe the effect of cement type on the form and that is proven by different research [31,33,36,58]. It is 
then important to check the extent of using different cement on the pressure. A comparison of the bottom sensor’s data for casting at 
0.25 m/h using BAS and ANLFA cement. The fresh concrete densities of the various types of concrete range from 2331 kg/m3 for 
BAS concrete to 2382 kg/m3 for ANLFA concrete. The setting time for BAS is 150 min, while that for ANLFA is 170 min, according 
to the concrete supplier. It is evident that cement hardens more quickly and exhibits a rapid decrease of pressure, as shown by the 
BAS reading of 12.0 kPa and the ANLFA reading of 13.14 kPa at the bottom of the form. According to the findings, the cement type 
has a small impact on the maximum pressure and that was described more in details in Ref. [54], but a larger impact is seen when 
examining pressure decay. 

3.3. Assessment of theoretical prediction pressure models 

As previously mentioned, attempts have been made by researchers to mathematically predict the form pressure for SCC. Re-
searchers focused on different input parameters to estimate the pressure. In this section, these models are assessed, and the results 
obtained from the mathematical models are compared with the data obtained from the sensors in the laboratory. For assessments test 

Fig. 10. Pressure vs the formwork height of casting for 0.5 m/h cast with BAS and initial slump flow of 710 mm.  

Fig. 11. Pressure estimation using DIN 18218 [39] vs. actual sensor recorded data.  
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codes BAS1, BAS2, BAS3, and BAS4 are used in the analysis. The idea is to observe what models could result in better estimation of the 
pressure if the casting rate, slump flow, or cement type change. Using the predefined input parameters obtained in the laboratory for 
fresh concrete to calculate the pressure for each model. Looking at the DIN18218 model, it says hydrostatic pressure will result up to a 
maximum level, thereafter constant pressure. And if it is over a certain height there is a region with zero pressure. From the setting bag 
test described in the model then te,kb = 5 h, then the answer is te = 1,25*5 = 6,25 h (concrete cast longer than 6,25 h ago is assumed to 
be self-carrying). That corresponds to a total casting height of he = te*v = 6,25*0,7 = 4375 m. 

Fig. 11shows a comparison between the estimation using the DIN18218 model with the data acquitted from the laboratory. Using 
the same cement type and workability is maintained for all the casting rates. It is shown DIN 18218 [39] works well if the casting rate is 
low and if the casting rate is more than 1 m/h the response of the model gives almost hydrostatic pressure. The standard gives extra 
emphasis on the setting time as a deciding factor when the concrete builds its carrying capacity. The reason why it doesn’t work well 
here is that the casting time for our columns is less than the maximum setting time obtained from the bag test, especially for casting 
rates of 1 and 4 m/h. The standard produced a good approximation of the pressure distribution. The second design model by Khayat 
and Omran [41] is to be applied. The results obtained by the mathematical model are compared with actual data obtained from the 
sensors. 

The calculation by Khayat and Omran [41] gives a good approximation of the pressure especially for higher casting rates because 
the model considers many parameters such as the casting height, the structural build-up, the dimension of the structure, and the 
casting rate. However, it gives overestimates when the casting rate is low as can be observed from the 0.25 m/h casting rate. A more 
thorough observation of Khayat and Omran [41] model reveals that the form pressure is reduced in contrast to hydrostatic pressure. 
From Fig. 12, it is also noted, when the pressure reaches a maximum, the model produces form pressure that decreases to zero as the 
form height increases. When the form height is as low as 0.5 m for a low casting rate, the thixotropic effect on the form pressure appears 
to have too little of an impact on the results obtained by the model. It is now evident from the model how thixotropy affects the 
pressure, leading to form pressure that is considerably less than hydrostatic pressure when casting with SCC. The following mathe-
matical model developed by Gardner et al. [43] gives more importance to the casting rate, and the loss of workability when the slump 
drops to 400 mm and that denotes the time when the concrete starts to harden and lose its fluidity. 

The model developed by Gardner et al. [43] produced a better estimation of the form pressure for low and high casting rates 
(Fig. 13) because it considers the time for workability reduction when it reaches 400 slump flow, and it also considers the casting rate 
which is considered the most significant impacting parameters. To summarize, Gardner et al. [43] theoretical model produced a form 
pressure that is like a hydrostatic pressure for a high casting rate which is principally established. Also, the form pressure tends to 
decrease as the filling height in the upper layers. The mathematical model developed by Gardner et al. [43] gives thixotropy’s impact 
on the form pressure more thought than the models developed by Ovarlez and Roussel [23] Beitzel [44]. Gardner et al. [43] model 
further demonstrate that even little differences in casting rate can cause pressure to upsurge suddenly when the concrete does not build 
a structural structure quickly enough relative to how quickly the form fills with concrete. The following model is developed by Teixeira 
et al. (2017) using regression analysis, the model addressed many form pressure parameters as stated before and emphasized that the 
estimation of form pressure is thereby ensured to never be greater than the hydrostatic distribution of a liquid with concrete density. 

Fig. 14 shows the comparison between the form pressure estimation using the regression model developed by Teixeira et al. [27] 
and the recordings from the sensors. The results show that the mathematical model underestimates the pressure for low and high 
casting rates. This might be the reason the model didn’t give more consideration to the casting rate and workability. Because the model 
didn’t consider the build-up phenomena that occurs after casting, it didn’t also display pressure decay. .The following model is 
developed by Beitzel [44] which is applied similarly to before and compared with the results obtained from the laboratory. 

From Fig. 15, Beitzel [44] model produces a good approximation for a higher casting rate for example 4 m/h however it un-
derestimates the pressure for a low casting rate for example 0.25 m/h. Hence, an extension of the model needs to address the effect of 
structural build-up. The next model developed by Ovarlez and Roussel [23] is assessed and compared with the data obtained from the 
laboratory. 

Fig. 16 illustrates the pressure prediction using Ovarlez and Roussel [23] model and the measurement from the sensors in the 
laboratory. It is observed that the theoretical model is relatively identical to Beitzel’s [44] model and that is justified because both 
models are developed based on one theory which is the silo theory of Janssen. The parameters Athix and Cthix in the models of Ovarlez & 
Roussel and Betizel have little effect on the pressure. From both models, it is observed that when the concrete has a slower structural 
development, the formwork pressure decays slower. 

The model developed by Proske [24] underestimates the form pressure for a low casting rate for example in Fig. 17, the maximum 
calculated value by Proske is 8.12 kPa for 0.25 m/h casting rate while the maximum pressure recorded by the sensor is 10.6 kPa. 
However, it overestimates the pressure for a higher casting rate which is 38.31 kPa while the maximum sensor recorded was 37.6 kPa. 
If the calculation continues for 1 and 4 m/h the value estimated by Proske model is much higher than the hydrostatic pressure. The 
mathematical model developed by Lange and Tejeda [20,28] results in almost zero pressure despite changing the casting rate. This 
requires more attention to deciding the input parameter values, it was rather difficult to obtain the input parameters which merely 
selected based on a closer assumption when calculating the pressure theoretically. 

4. Discussion 

The research presented in this paper attempts to first identify, investigate and assess the mathematical models that have been 
developed by researchers in different parts of the world. The acquisition of input parameters in form of material parameters, con-
struction information, and formwork pressure data in the laboratory was a rather timely part of the work, because of the many tests 

Y. Gamil et al.                                                                                                                                                                                                          



Journal of Building Engineering 68 (2023) 106085

13

that were performed in the process. The investigation was followed by performing actual pressure monitoring in the laboratory on 
several concrete column specimens with heights of 2 m. The casting rate, slump flow, and cement type were varied to study the 
sensitivity of each parameter in the models. One significant result that was seen in the laboratory tests, was that the actual form 
pressure was always lower than hydrostatic, especially for low casting rates. Therefore, it would be possible to maximize the casting 
rate and reduce the construction time, without compromising safety. 

The analysis showed that the results of different prediction models often vary, perhaps depending on the different input parameters 
addressed in different models. Based on the results presented in this paper, the DIN 18281 model may be applicable for lower casting 
rates, considering casting rate as the main input parameter, and the model seems to be better at predicting the pressure for long casting 
times, i.e., large structural elements. This depends on the setting time obtained through the bag test, which is used to calculate the time 
needed to detect pressure decay. The pressure model developed by Khayat and Omran [41] is based on the value of PVτ0rest at 15 min, 
which denotes the structural build-up of concrete at rest. The model incorporates the effects of time-dependent changes in the 

Fig. 12. Pressure estimation using Khayat and Omran [41] vs. actual sensor-recorded data.  

Fig. 13. Pressure estimation using Gardner et al. [43] vs. actual sensor-recorded data.  
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thixotropic behavior of concrete, but it also showed less conservative results when the casting rate was increased. Likewise, Gardner 
et al. [43] showed close estimations of the pressure for low casting rates. The regression model by Teixeira et al. [27] underestimated 
the pressure and showed results much lower than the maximum pressure recorded in the laboratory tests. The model may not fit low 
casting rates but might work for high casting rates as described in the findings by Teixeira et al. (2017). For the model developed by 
Beitzel [44], which focuses more on the height of the form as the main input parameter, the equation showed no reduction below the 
maximum pressure, but rather an increment of the pressure with an increasing form height. Whereas the model by Ovarlez and Roussel 
[23] model shows a close correlation with on the results from the laboratory tests. Since the model incorporated the height and 
structural build-up and that explains the reduction in pressure the bottom layer. 

Looking at the other design models, for instance, Beitzel [44], and Ovarlez and Roussel [23] consider the thixotropic behavior Athx 

Fig. 14. Pressure estimation using Teixeira et al. [27] vs. actual sensor-recorded data.  

Fig. 15. Pressure estimation using Beitzel [44] model vs. actual sensor recorded data.  
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and Cthix which are similar and that explains the identical response of both models and shows when the casting rate is high the 
response is like hydrostatic pressure. Similarly, the calculation from Gardner et al. [43] shows the actual pressure response is like 
hydrostatic when the casting rate is high. The model developed by Proske [24] overestimated the pressure and produce a pressure that 
is even higher than the hydrostatic. The final model developed by Lange and Tejeda [20,28] is likely to be deviating and requires a 
proper decision on the input parameters which seems to be rather complex process. 

Considering the reality of the construction site, the formwork designer and site supervisor need to know beforehand the possible 
casting rate to maintain especially while cast-in-place mass concreting. This is needed to know what maximum pressure should be 
expected for the current casting rate to maintain a safe construction site and possibly even increase the casting rate if the pressure is 

Fig. 16. Pressure estimation using Ovarlez and Roussel [23] vs. actual sensor-recorded data.  

Fig. 17. Pressure estimation using Proske [24] vs. actual sensor recorded data.  
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lower than expected. Hence, knowing the maximum pressure is essential, but attention is still needed to address the remaining un-
certainties and identify additional parameters that could have an impact on the pressure and that could also impact the casting time 
needed to build a concrete element. Finally, speeding up the SCC casting will in the end reduce the construction time of the project. 

5. Conclusions 

The purpose of this study is to evaluate design models that have been presented in the literature through carefully monitored 
laboratory tests. The maximum pressure for various casting rates was predicted using several models, including 0.25 m/h, 0.5 m/h, 1 
m/h, and 4 m/h. As a result, the models that considered the casting rate, slump loss, thixotropic behaviour, and height of casting 
provided various levels of reasonable prediction compared to the sensor recordings. The basis for selecting a model depends on the 
accessibility and simplicity of the input parameters. It is clear from the study’s findings, which are provided in this paper, that the input 
parameters have an impact on the models used to forecast form pressure. 

Additional findings were also observed, of these, the form pressure seen in the laboratory tests was typically lower than the hy-
drostatic pressure. These findings are consistent with the literature describing that formwork pressure when utilizing SCC does not 
reach hydrostatic pressure but instead resides at lower levels. It was also noted that the pressure during casting generally reaches a 
maximum level, whereafter it starts to decay due to the structural build-up where the concrete eventually withstands its self-weight, 
resulting in no pressure on the formwork. The duration of casting allows the concrete to develop a shear strength which then reduces 
the pressure, and that shear strength is caused by the structural build-up. The pressure decay time depends on the structural build-up 
rate and that is related to different factors such as the mix design, ambient temperature, type of cement, chemical additives, and 
operation method. It is also shown that the hardening rate of concrete has a large correlation with the pressure reduction of previously 
cast layers. Besides, the thixotropy level influences the pressure where high thixotropic behavior results in pressure decrement. More 
studies are recommended to determine to what extent the impact of each parameter on the amount of pressure and decay time. To 
conclude, to be able to forecast form pressure in castings more accurately, a consideration of the input parameters for the models is 
essential. Pushing the limits of form pressure possible with state-of-the-art technology utilization would be a captivating development. 
To better understand what maximum form pressure to anticipate, large structures cast with SCC might be cast at high rates achieving 
completion of the project on a timely basis. More studies are needed to examine the models when ecological SCC is used and what form 
of pressure is expected. The findings of this study are useful to further extend current models to better develop or expand current 
models to accurately predict the form pressure when casting with SCC. 
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Appendix 

Pressure monitoring results 

A1: Slump 700–750 mm, casting rate 1.0 m/h (BAS3) 

Fig. A1. real time pressure monitoring for 1 m/h   

Fig. A2. Pressure vs height of casting for 1 m/h  

A2: Slump 700–750 mm, casting rate 4.0 m/h (BAS4) 

Fig. A3. real time pressure monitoring for 4 m/h (BAS)   

Fig. A4. Pressure vs height of casting for 4 m/h (BAS)  
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A3: Slump 600–650 mm, casting rate 0.5 m/h (BAS5) 

Fig. A5. real time pressure monitoring for slump 600–650 mm, casting rate 0.5 m/h   

Fig. A6. Pressure vs height for slump 600–650 mm, casting rate 0.5 m/h  

A4: Slump 500–550 mm, casting rate 0.5 m/h (BAS6) 

Fig. A7. real time pressure monitoring for slump 500–550 mm, casting rate 0.5 m/h   

Fig. A8. Pressure vs height for slump 500–550 mm, casting rate 0.5 m/h, cement type BAS  
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A5: Slump 400–450 mm, casting rate 0.5 m/h (BAS7) 

Fig. A9. real time pressure monitoring for slump 400–450 mm, casting rate 0.5 m/h, (BAS)   

Fig. A10. Pressure vs height for slump 400–450 mm, casting rate 0.5 m/h, cement type BAS  

A6: Slump 700–750 mm, casting rate 0.25 m/h (ANLFA1) 

Fig. A13. real time pressure monitoring for 0.25 m/h with ANLFA   

Fig. A14. Pressure vs height of casting for 0.25 m/h with ANLFA  
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A7: Slump 700–750 mm, casting rate 0.5 m/h, cement type (ANLFA2) 

Fig. A11. real time pressure monitoring for slump 700–750 mm, casting rate 0.5 m/h   

Fig. A12. Pressure vs height for slump 700–750 mm, casting rate 0.5 m/h  

A8: Slump 700–750 mm, casting rate 4 m/h (ANLFA3) 

Fig. A15. real time pressure monitoring for 4 m/h   

Fig. A16. Pressure vs height of casting for 4 m/h  

A9: Slump flow 600–650 mm, casting rate 0.5 m/h (ANLFA4) 
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Fig. A17. Pressure vs casting time Slump 600–650 mm, casting rate 0.5 m/h, cement type ANLFA   

Fig. A18. Pressure vs casting height of casting for 600–650 mm, casting rate 0.5 m/h, cement type ANLFA  

A10: Slump flow 500–550 mm, casting rate 0.5 m/h (ANLFA5) 

Fig. A19. Pressure vs casting time Slump 500–550 mm, casting rate 0.5 m/h, cement type ANLFA   

Fig. A20. Pressure vs casting height of casting for 500–550 mm, casting rate 0.5 m/h, cement type ANLFA  
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