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Highlights 9 

 The exerted lateral pressure of self-compacting concrete on formwork was reviewed. 10 

 Theoretical models of exerted lateral pressure by self-compacting concrete were discussed.  11 

 The main factors contributing to the lateral pressure of self-compacting concrete on the 12 

formwork panel were explained.  13 

 Major issues and unpublished studies on lateral pressure of self-compacting concrete were 14 

discussed in detail.  15 

 16 

  17 

Abstract  18 

Self-Compacting Concrete (SCC) is a flowable concrete that exerts high pressure on formwork. SCC is 19 

the most commonly used concrete worldwide for construction applications due to its cost-20 

effectiveness. The high flow of SCC reduces both the number of workers and the casting time required. 21 

It also eliminates vibration and removes noise pollution. This study is a review of previous 22 

investigations into the pressure exerted by fresh-state SCC on formwork. The paper discussed various 23 

factors that affect lateral pressure on formwork. These factors are included theoretical predictions, 24 

the effect of temperature, casting rate, rheology, types of pressure sensors, geometry and workability. 25 

Considering these various factors, the paper discussed major factors related to lateral pressure of SCC 26 

at early ages. However, internal temperature measurement of concrete effects at fresh state appears 27 

to be an important factor. 28 
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 31 

1. Introduction to Self-Compacting Concrete (SCC) 32 

Self-compacting concrete (SCC), also known as self-consolidating concrete, is recognised as flowing 33 

concrete. It is a new type of concrete developed in the construction field with several advantages over 34 

conventional concrete. The development of SCC began in 1988 and was introduced in Japan to 35 

produce durable concrete with less labour [1]. 36 

Other studies have described SCC as a new type of concrete, with advanced mix design concepts, 37 

which is capable of flowing and compacting itself under its own weight [2]. They also list the main 38 

advantages of SCC, the most important being decreased labour cost, reduced construction time and 39 

the elimination of vibration and noise. SCC also has the advantages of better flowability around 40 

congested reinforcement, the use of lower pump pressures and an excellent smooth surface finish. It 41 

also avoids honeycombing around congested reinforcement in the concrete and, as a result, demand 42 

for this flowable concrete has increased worldwide [3]. Another significant benefit of SCC is its 43 

increased casting rate (placing rate) which assists in reducing concrete delivery time and construction 44 

duration [4]. 45 

However, given recent rapid developments, further investigation is required, particularly with respect 46 

to Australian temperature and dry climatic conditions. In order to formulate a detailed investigation, 47 

an extensive review has been carried out on the SCC mix design methods [5] and early age properties. 48 

The review clearly indicates that further comprehensive laboratory testing is required, particularly the 49 

exerted lateral pressures when constructing tall columns and walls such as 10m high structures. The 50 

major cost of construction components is the formwork, which comprises approximately 40%~60% of 51 

the cost [6, 7]. Therefore, further studies on lateral pressure of SCC could contribute to reduce 52 

formwork cost.  53 

To assess the use of SCC worldwide, it is essential to investigate the previously well-documented 54 

research such as the information on Scopus. For that purpose, VOSviewer software was used to collect 55 

the previous research available on SCC.  Mymoon, Mahendran, Poorna, Hariharan, Suryakala and 56 

Sudhagar [8] used the same software to map SCC research worldwide. In the current study, the paper 57 

used VOSviewer to discover how many studies on SCC have been presented globally. Fig.1 shows a 58 

remarkable density of countries that have been investigating SCC from 1988 to 2019. The 59 



scientometric statistics are vital for construction industries to identify the increasing application of 60 

SCC recently. Fig. 1 shows countries that have mentioned SCC (self-compacting concrete) in their 61 

research. This set of the database was collected from the engine search of Scopus which is the most 62 

trustable recorded data for the scientific community. Scopus has a rich source of data and is easy to 63 

use when searching for resources [9]. It can be used to extract data and analyse it in VOSviewer.       64 

 65 

Fig. 1 The density of SCC studies in various countries from 1988-2019 66 

The scientometric analysis of most research studies of SCC is shown in Fig.2.  The link strength in 67 

network visualization among authors was observed in a wide range of regions, with the major authors 68 

in that field being investigated (De Shutter G.) (Aslani F.) (Xie Y.) (Barros J.A.O) (Nunes S.) (Roussel N.) 69 

(Zhang X.) (Liu X) [10-17]. That figure shows 19 clusters, 596 links and a total link strength of 1680. For 70 

example, the term “self-compacting concrete”, was used in the Scopus search engine, using a hyphen 71 

between the words “self” and “compacting”, and is compatible with the term used by most authors. 72 

Fig. 2 might not identify all authors if the research is not registered in Scopus or if they have used the 73 

term “self consolidating” instead of “self compacting” thereby limiting the outcomes of the study.   74 

 75 



 76 

Fig. 2 Link between authors in the research of Self Compacting Concrete  77 

However, most of the studies mentioned in Fig.2 do not focus on lateral pressure exertion of SCC on 78 

the formwork. Therefore, this paper is attempted to identify the effect of the lateral pressure of SCC 79 

at various heights on the formwork, the casting rate, the ambient temperature, the concrete internal 80 

temperature and the geometry of the formwork. Because the type of pressure sensors and calibration 81 

methods are additional factors that influence pressure readings, it is also essential to consider them. 82 

However, the link between authors would be reasonably different if searches focussed on “self”, 83 

“consolidating”, “concrete” which is the term most used in North America. Fig.3 shows the link 84 

between authors in research related to SCC in Northern America. The engine search shows that in 85 

Northern America, many prefer to use the term “self consolidating” compared with the rest of the 86 

world, making it difficult to obtain both groups of studies in one dataset. It would be preferable for 87 

authors to use both terms of SCC in their research until engine research identify it under the same 88 

field category.       89 



 90 

Fig. 3 Link between authors in the research of Self Consolidating Concrete 91 

Fig.3 shows that most of the work on SCC has been conducted by Khayat and Feys [18], with their 92 

interaction and linking occurring with only a few other researchers such as Feys [19], Hossain [20] and 93 

Omran [21]. All researchers are from North America and they use a similar term for their research, 94 

however, these studies are not all on the lateral pressure of SCC on the formwork. Most of them focus 95 

on the materials characterization and mixed design of materials. Furthermore, in many studies on SCC, 96 

changing the mix of materials changes the entire mechanical and physical characterisation of materials 97 

including the lateral pressure. Therefore, this review paper attempts to highlight the most vital points 98 

that are counted as major causes of the lateral pressure exertion from SCC.  99 

Table 1 shows the researchers who have published papers on lateral pressure exerted by SCC on the 100 

formwork panel. Those studies have focussed particularly on lateral pressure which most of them 101 

shows high pressure positioned at the bottom of the formwork. Table 1 shows an investigation of the 102 

lateral pressure on conventional concrete which began in 1963 [22].   103 

Table 1. Published papers on exerted lateral pressure of SCC 104 

Studies Country Year  

[23, 24] France 2006, 2009 

[25] United Kingdom 1991 

[26] Korea 2012 

[27, 28] USA 2010, 2011 

[29-33] Canada 2003, 2005, 2006, 2008 

[2, 34] Canada 2009, 2010 



[35] Italy 2008 

[36, 37] Sweden 2002, 2014 

[38] Germany 2014 

[7, 39] USA 2005, 2008 

[40] Saudi Arabia 2017 

[41] Canada 2013 

[24, 42] France 2009, 2015 

[43, 44] France  2002, 2004 

[45, 46] Switzerland 2003, 2006 

[47] United Kingdom 2012 

[48] Uruguay 2013 

[49, 50] China 2014, 2013 

[51] India 2015 

[52] Spain 2016 

[53, 54] Lebanon 2018, 2017 

[55] Iran 2019 

[56] Australia 2019 

[57] Poland 2021 

 105 

To clearly identify researchers who worked specifically on the lateral pressure of self-compacting 106 

concrete, the term “lateral pressure self compacting concrete” was searched on the Scopus research 107 

engine. Fig. 4 shows the clear links between those who cited each other and worked on a similar topic. 108 

The graph in Fig.4 assigned the minimum number of documents of an author to number 1 until all 109 

authors could be included in the graph.   110 



 111 

Fig. 4 Links between authors in the research of lateral pressure of SCC 112 

In the present paper, results of the pressure of the SCC at different heights, casting rates and an 113 

overview of the theoretical model for prediction of pressure and rheology of the materials were 114 

correlated with pressure exertion on the formwork. Limitations in the previous research are also 115 

identified and addressed.  116 

2. Effect of temperature on the pressure distribution in formwork  117 

Ambient temperature is a major contributor to the SCC product during and after casting the concrete. 118 

Schmidt, Brouwers, Kühne and Meng [58] found that SCC with a high cement content mix, at low 119 

temperature, achieved excellent performance (such as better flowability and compressive strength). 120 

However, at high temperatures, this concrete showed a reduction in flow properties. If the flow or 121 

slump of materials reduced at a high temperature, then certainly lateral pressure would reduce. Slump 122 

flow of materials directly related to the amount of pressure exerted on confined specimens. Further 123 

studies on the internal temperature profiles of concrete are necessary. In particular, if the concrete 124 

remains for a long period in the mixer or in the formwork, then this would produce an enormous 125 

amount of heat among their particles due to the high cement content in the SCC mix [59].  126 

The mix design of SCC varies globally due to differences in the chemical properties of materials in 127 

different locations. Therefore, it will be variations in density, temperature, rate of casting, humidity in 128 



the air, and casting procedure. For example, the temperature is one of the challenges which differ 129 

around the globe and even in seasons has enormous differences in one location. This seasonal 130 

variation in temperature, in some countries reaches 60°C. For example, Australia has a varied 131 

temperature range among the states. To understand the effect of ambient temperature on the 132 

concrete while casting, temperature values were obtained from the Australian Bureau of 133 

Meteorology. Table 2 shows the mean temperature values for Australian capital cities [60].  134 

Table 2. Mean temperatures for capital cities at 9 AM, reproduced after [60] in degrees Celsius 135 

City  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Sydney 23 23 22 18 14 12 11 12 15 18 20 22 

Melbourne 19 19 18 15 11 9 8 10 12 15 16 18 

Brisbane 26 25 24 22 18 15 14 16 19 22 24 25 

Adelaide 22 22 20 17 14 11 10 11 14 17 19 20 

Perth 24 24 22 18 15 13 12 12 14 17 20 23 

Hobart 17 16 15 13 10 7 7 8 10 12 14 15 

Darwin 28 28 27 27 25 23 22 24 27 29 29 29 

Canberra 19 19 16 12 8 5 4 6 9 13 16 18 

 136 

The major temperature differences are seen in Table 2. Temperature varies in cities according to their 137 

location and seasonal temperature changes. The ambient temperature may be a major influence that 138 

should be considered while using SCC in different areas and during different seasons.  For example, 139 

Canberra city has a seasonal variation of 15 ֯C, therefore, it is necessary to have a remarkable change 140 

in the mix design of concrete in different seasons. In addition to the ambient temperature while 141 

casting concrete, the internal temperature of the concrete should be considered as a factor that might 142 

cause an increase in lateral pressure. However, those places have low temperatures which expected 143 

to maintain lateral pressure for a longer period on the formwork. This has been confirmed by an earlier 144 

study, SCC at high temperature could achieve a high compressive strength at an early age which is due 145 

to faster flocculation occurred between particles than SCC in normal or cooler temperature [61]. They 146 

also found that compressive strength magnitude may reach as high as 300% compared to normal 147 

temperature. Having high strength at an early age would assist in reducing the duration of lateral 148 

pressure on formwork. Therefore, the mixed design of materials should be used accelerator and air-149 

entraining admixture at low-temperature to increase the durability of concrete at the hardened stage. 150 

However, these admixtures rarely contribute to the lateral pressure at early ages, it is reducing the 151 

dormant period of pressure but it is not causing a reduction in maximum pressure value.  152 



Fig.5 presents the results of pressure and temperature in relation to the time when the SCC is highly 153 

fluid with an enormous quantity of admixtures and cement. Fig.5 shows that the maximum pressure 154 

on the formwork was reached at 1-2 hours after casting. The concrete may be at its initial set after 1-155 

2 hours and the pressure then increased due to rapid internal hydration after approximately 15 hours. 156 

This was a preliminary investigation and further study is currently underway to gain an understanding 157 

of the effect of the heat of hydration within the period of 12 hours after casting of the concrete. 158 

 159 

Fig. 5 Prediction of exerted pressure, the internal temperature of fluid concrete and casting time 160 

[62]  161 

As shown in Fig.5, the early age of SCC pressure increased due to the rate of casting. In the early stage, 162 

the heat of materials would not be evolved rapidly. The heat evolution displayed increased after the 163 

first hour of casting. However, in Fig. 5 the increasing rate of pressure after 15 hours of casting might 164 

be attributable to a gadget reading fault or having a large particle in front of the diaphragm of the 165 

sensor which caused a false reading. In addition, Omran, Elaguab and Khayat [63] stated that 166 

increasing concrete temperature resulted in less lateral pressure which is contrary to current findings 167 

as shown in Fig. 5.  168 

Another investigation by Assaad and Khayat [64] stated that temperature has a limited effect on the 169 

maximum lateral pressure while casting, however, in the later age of cohesion development 170 



temperature does not have a significant effect. There is not a piece of solid evidence to show that 171 

temperature directly affects lateral pressure, on the other hand, a study by Wang, Ge, Grove, Ruiz, 172 

Rasmussen and Ferragut [65] showed that higher heat generation resulted in higher compressive 173 

strength which is related to developing flocculation in the concrete matrix, this is causing by early 174 

relaxation of materials from the formwork panel.    175 

   176 

3. Effect of casting rate (placing rate) on the formwork  177 

Casting rate is considered one of the most significant factors directly related to exerting lateral 178 

pressure on formwork. Graubner & Proske (2005) found that the time-dependent behaviour of the 179 

concrete was consistent with silo theory behaviour in a real stress state. Overall, the assumption of 180 

hydrostatic pressure could not be considered for concrete. The lateral pressure of concrete was highly 181 

dependent on casting rate, setting time of the mix and formwork width. In their study, they used 182 

different rates of casting such as 2m/h and 10 m/h and discovered that the lower rate of casting 183 

exerted lower lateral pressure when compared with higher rates. They also discovered that casting 184 

concrete manually at 25m/h exerted similar pressure to the rate of casting at 19 m/h when using the 185 

pumping process. 186 

The study of Perrot, Amziane, Ovarlez and Roussel [24] used a constant rate of casting with the height 187 

of the formwork being proportional to the time of casting (H=Rt). They found that exerted pressure 188 

by SCC mainly relies on thixotropic properties, casting rate and shape of formwork. They also validated 189 

the theoretical models with experimental programs.  190 

According to Kwon, Kim and Shah [26] maximum lateral pressure is highly dependent on the rate of 191 

casting (placement rate) and properties of used materials, as shown in equation (1): 192 

𝜎𝑚𝑎𝑥 = 𝑤𝑅. 𝑓(𝑎, 𝑏)     (1) 193 

where w is a unit weight (kN/m3), R is a rate of casting(m/h), and f(a,b) is an arbitrary function. Both 194 

coefficients of a and b were found using exerted lateral pressure on formwork with the assist of small 195 

equipment, this research was conducted by Perrot, Amziane, Ovarlez and Roussel [26].  196 

Kwon, Kim and Shah [26] found that when the casting time was more than 7 h, the peak pressure was 197 

always less than 3.6 wR. However, if the casting time was less, the peak pressure could be further 198 

decreased. 199 



Jae Hong Kim, Beacraft, Kwon and Surendra [28] stated that the maximum pressure of 𝜎𝑚𝑎𝑥 always 200 

occurred at the maximum time tmax, irrespective of R, 𝜎𝐿 represented as a lateral pressure, as shown 201 

in equation (2): 202 

𝜎𝑚𝑎𝑥 = 𝜎𝐿(𝑡𝑚𝑎𝑥)    (2) 203 

The proposed model in the study of [28] is useful in determining the reduced lateral pressure of SCC 204 

with slowing down of casting rate. They also stated that changing in mix compositions could change 205 

pressure response.    206 

Andreas Leemann and Frank [66] investigated whether the results of filling self-compacting concrete 207 

to the top of the formwork would depend on the rate of continuous pressure of casting the SCC and 208 

the speed of casting.  209 

Fig.6 shows the results of the effect of casting rate on measured pressure, expressed as a percentage 210 

of hydrostatic pressure. The results show that the measured pressure/hydrostatic pressure varied 211 

between 20% and 85%. The higher values were achieved with a casting rate greater than 3 m/h and 212 

most of the values were around 60%. The lower values of measured pressure/hydrostatic pressure 213 

were obtained with a casting rate lesser than 3 m/h and most of the values were between 18 and 23%. 214 

 215 

Fig. 6 Casting rate compared with measured pressure/hydrostatic pressure in the literature of the 216 

earlier studies [33, 36, 37, 43, 45, 67-71] 217 



The casting rate of concrete is to some extent influenced by pressure exertion on formwork, however, 218 

there are many other factors that could be more potent than the casting rate [36].  Nevertheless, their 219 

study found that the casting rate would be in the range of 50% and 90% of hydrostatic pressure when 220 

the placement rate was increased from 2.7 to 6.4 m/h, respectively. This is evidence that the casting 221 

rate is the major factor exerting pressure on the formwork panel, despite still not reaching hydrostatic 222 

pressure. 223 

However, some studies expected that the casting rate of the SCC could be a replacement for the 224 

vibration of conventional concrete [24]. It is obvious that SCC depends on its weight to spread and 225 

flow in the entire cross-section of the formwork. Therefore, in their study they proposed replacing the 226 

dynamic yield stress with the static yield stress equation and presented the lateral stress on the 227 

cylindrical form as shown in equation (3): 228 

𝜎𝐻(𝑧, 𝑡) = (𝜌𝑔 −
2(𝜏00−𝐴𝑡ℎ𝑖𝑥𝑡)

𝑅−𝑟𝑏
)𝑧  (3) 229 

Where 𝜏00 is dynamic yield stress after strong shearing, 𝐴𝑡ℎ𝑖𝑥 is a structural rate, and t is resting time, 230 

R is the radius of the formwork, rb is the radius of the steel rebar, z represents the vertical direction 231 

which is oriented downwards in the section.   232 

Omran, Elaguab and Khayat [63] claimed that the casting rate could be varied according to the size 233 

and casting method. They also claimed that lateral pressure of casting SCC is close to hydrostatic 234 

pressure at shallow depth, however, when the depth was greater than 3m, the pressure started to 235 

envelop. However, this is unlikely because even at a height of 3m, the enveloped lateral pressure on 236 

the formwork can be observed.  237 

In another study on the casting rate of SCC, Assaad and Khayat [64] confirmed that a casting rate in 238 

the range of 25 to 5 m/h could reduce the maximum initial pressure by 15% without having any further 239 

effect on the pressure with time. 240 

Overall, casting rate has a major impact on the formwork in terms of lateral pressure. The high casting 241 

rate results in high lateral pressure on the formwork. However, this is not only the case, the materials 242 

flow will role a major influence on the pressure exertion on the formwork. This have been discussed 243 

in next section about rheology of SCC.  244 

4. Rheology of SCC and pressure exerted on the formwork 245 



Rheology and materials properties are considered the major factors that exert enormous pressure on 246 

the panel of the formwork. Concrete at the fresh-state behaves as a Bingham fluid whereas water 247 

characteristically behaves as a Newtonian fluid.  248 

Rheology is the study of the deformation and flow of slurry, whose flow is considered to be a function 249 

of the relationship between stress and the rate of strain [72]. It is generally agreed that fresh concrete 250 

has Bingham flow behaviour for its plastic viscosity and yield stress [41]. The equation (3) can be 251 

expressed as follows:   252 

𝜏 = τ𝑜  + μ𝑝.�̇�     (3) 253 

where τ is the shear stress (Pa); τ𝑜 is yield stress (Pa); μp is plastic viscosity (Bingham) (Pa s);  �̇� is the 254 

shear rate (s−1).  255 

Fig.7 shows the differences in lateral pressure distribution shapes and shear stress-shear strain rate 256 

of concrete in the three categories of normal concrete, SCC and advanced SCC. As shown in Fig.7 with 257 

advanced SCC, the particle sizes of the concrete are usually smaller and contain a higher amount of 258 

fluid in the concrete mix. These cause a significant increase in pressure on the formwork and also 259 

changes the thixotropic behaviour of the materials, particularly in the shear thinning and thickening 260 

of the materials in the concrete mix. Shear thinning is defined as an apparent viscosity reduction with 261 

an increase in shear rate, whereas shear thickening is defined as an apparent viscosity increase with 262 

an increase in shear rate [73]. The study of Yahia [74] explained that the shear thinning of SCC 263 

happened when the w/c ratio was greater than 0.4. Therefore, due to the high content of the fluid in 264 

the mix of advanced self-compacting concrete, the shear stress of concrete becomes thinner and 265 

causes a higher flow of the materials on the formwork panel. So in shear thinning (pseudoplastic) 266 

behaviour to increase shear stresses required less shear rating.  267 



 268 

Fig. 7 Differences of pressure, shear stress and shear strain behaviours in normal concrete, self-269 

compacting concrete and advanced self-compacting concrete  270 

The RILEMCommittee (2008) and De Schutter (2010) defined SCC as concrete that flows under its own 271 

weight, having high flow properties, and is able to spread smoothly through the congested reinforced 272 

zones of the concrete. Self-compacting can be referred to as the ability to self-level [75]. The wide 273 

range of mixed proportions to produce SCC results in different rates of exerted pressure on the 274 

formwork (RILEMCommittee 2008). For example, a coarse aggregate volume of 30~34% in SCC is lower 275 

than that of normal workable concrete with a coarse aggregate volume of 40~45%. 276 

 Megid and Khayat [76] assessed the surface quality of self-compacting concrete using different 277 

formwork materials (permeable liner, steel, PVC and plywood formwork). They concluded that a 278 

permeable liner had a better quality surface finish and fewer pores on the surface of the casted 279 

concrete. However, using different types of materials in the formwork significantly varied the 280 

transmission of the pressure exerted on the formwork. Some of the formwork has a smooth surface 281 

and some less smooth, this is causing a reduction or increasing frictional contact with placed concrete 282 

in the formwork. Indirectly, therefore, the voids and surface quality of the concrete were correlated 283 



to the exerted pressure on the constrained form. Besides, the rheology and mix design 284 

characterization of the materials are major factors.      285 

Previous studies have stated that thixotropic behaviour is responsible for reducing the lateral pressure 286 

acting on the formwork. This has been confirmed by the earlier work of Assaad, Khayat, Mesbah and 287 

Billberg [33, 77]. The progression of strength and elastic modulus at early ages depends on the rate of 288 

flocculation in the paste matrix due to thixotropy and cement hydration [78, 79]. Roussel (2006) 289 

proposed a flocculation rate of SCC in different values such as less than 0.1 as non-thixotropic, in a 290 

range of 0.1-0.5 thixotropic and higher than 0.5 highly thixotropic behaviour.  291 

Khayat and Omran [2] compared the lateral pressure of three theoretical models (DIN 18218, CIRIA 292 

108, and NF P93-350) [80-82] of conventionally vibrated concrete with flowable consistency. They 293 

found that an increase in the casting rate from 1 m/h to 25 m/h would lead to linear pressure which 294 

was almost equal to the hydrostatic pressure in the wall. These values were similar to the values given 295 

by CIRIA 108 [81] model.    296 

In another study of Assaad and Khayat [31] and Khayat and Omran [2] stated that a highly flowable 297 

mix (slump flow of  650±15 mm) with a high coarse aggregate content, showed a decrease in lateral 298 

pressure and an increase in the rate of pressure drop after casting. These are due to an increase in 299 

internal friction due to a greater coarse aggregate content which reduces the mobility of concrete.  300 

Other researchers have claimed that the degree of internal friction increases when a mix is made with 301 

a relatively low sand/coarse aggregate ratio (S/A). This results in a lower magnitude of initial lateral 302 

pressure and a faster drop of pressure with time. They found that in a high value of S/A (with a low 303 

total aggregate content), aggregate particles had greater freedom for translational and rotational 304 

movements within the matrix. This caused an increase in the full mobility of the concrete and vertical 305 

stress was transferred to lateral pressure. When the S/A value was low, however, the aggregate 306 

particles achieved a greater degree of interlock and interparticle bridging increased, causing the 307 

formation of an arching (heterogenous) phenomenon [83].  308 

Assaad and Khayat [31] stated that the increase in the maximum size of aggregate from 10 to 14 mm 309 

reduced lateral hydrostatic pressure after casting from 98% to 85% and increased the rate of the drop 310 

with time. It was observed that a maximum particle size of 14mm had the highest packing density of 311 

62% and the maximum size of  10mm and 20 mm had packing densities of  56% and 60%, respectively. 312 

Higher densities increased the contact value between particles, thereby reducing both the mobility of 313 

the concrete and lateral pressure. They claimed that the effect of hydrogen and ionic bonds between 314 

adjacent molecules led to variations in cohesiveness. 315 



Assaad and Khayat [31] also showed that the pore water pressure affected the lateral pressure despite 316 

the relatively coarse aggregate size and maximum size aggregate. The lateral pressure occurs mainly 317 

as a result of pore water pressure during the period where the concrete is still at the plastic stage.  318 

Domone [84] reviewed earlier, publications regarding the setting and strength development of SCC. 319 

The results showed that the lowest compressive strength value in SCC has a higher value than normal 320 

concrete at 28 days. It was also found that the proportion of tensile to compressive strength for SCC 321 

was similar to that of normal concrete. In another study [85], recycled rubber (rubberised aggregate) 322 

was used instead of the natural aggregate in SCC. They used rubberised aggregate at 30% of the total 323 

volume instead of normal aggregate and retained an acceptable level of stiffness and strength for 324 

rubberised concrete. These factors such as mechanical strength and stiffness of materials were 325 

indirectly related to lateral pressure exertion. At fresh stated concrete, achieving higher strength 326 

means a quick reaction between particles occurred, as a result, the cohesiveness of particles causes a 327 

released attachment from the formwork panel.  328 

Kim, Beacraft and Shah [27], using a mineral admixture such as processed clay (metakaolin), 329 

significantly reduced the lateral pressure on formwork. The correlation between the formwork 330 

pressure responses and the loss of slump flow was also derived, thereby providing a method to 331 

estimate the reduction in formwork pressure. They found that a small ratio of processed clay 332 

metakaolin (MK) (2~10%), Magniusum alumina-silicate (MA) (0.33~1%) and Silica fume (5~10%) could 333 

effectively enhance shear resistance and lead to reduce lateral pressure on the formwork. Loss of 334 

slump flow of the mix at rest had a good correlation with the instantaneous response, but the 335 

spreading rate did not have those desirable properties. A similar study by Kim, Noemi and Shah [86] 336 

were conducted. Replacing fly ash and limestone filler with Portland cement increased the flowability, 337 

slump flow and decreased the dynamic yield stress. Therefore, incrementing flow resulted in a higher 338 

exerted pressure on the formwork. This is showed that using different mixed matrix has the main 339 

influence on changing the design of the structural formwork.  340 

Assaad and Khayat [29] discussed the slump flow consistency effect on formwork pressure exerted by 341 

flowable concrete. For the slump of 550 mm, the SCC mix with a 0.46 w/c ratio slightly had a higher 342 

initial pressure and lower thixotropy compared to the SCC mix with 0.4 and 0.36 w/c ratio. This is 343 

obviously due to high water content and less coarse aggregate volume in the mix, which causes less 344 

shear strength behaviour in the concrete. However, over time (after approximately 25 minutes of 345 

casting), they found that the rate of drop in lateral pressure for the 0.4 w/c ratios was greater than 346 

the SCC of 0.36 w/c ratio. This was due to the lower content of HRWRA in the higher w/c ratio which 347 

causes less rate of structural build-up and develops proper cohesiveness in lower w/c ratio.  348 



Assaad and Khayat [29] concluded that flowable concrete and SCC were affected by their initial 349 

consistency levels. They also confirmed that a higher level of consistency exerted higher pressure at 350 

the initial stage.  351 

Gregori, Ferron, Sun and Shah [35] used numerical simulation to calculate lateral pressure for a column 352 

with a height of 14 m. They used four different mix designs and different binder compositions.  For a 353 

mix with a  w/c ratio of 0.32, they found that the pressure reached up to 50% of hydrostatic pressure 354 

when the rate of casting was 7 m/hr. They also found that the use of fly ash in the SCC mix reduced 355 

the pressure exertion on the formwork. When class F fly ash was used in the mix design the pressure 356 

was reduced whereas the use of class C fly ash did not affect the lateral pressure. However, the 357 

reasons for the reduced pressure by adding class F fly ash were not clearly given by the authors but it 358 

might be due to the cohesiveness of the class F fly ash acting as a filler to bind materials. On the other 359 

hand, this could be controversial because fly ash has spherical particles generally and could assist 360 

concrete to be more workable. It also reduces the strength development of cementitious materials at 361 

early ages. Therefore, these two factors might increase lateral pressure on the formwork while using 362 

fly ash in the SCC mix. They also found that the parameter most affecting the peak pressure was the 363 

casting rate. Reduced rate of casting exerted reduced pressure on the formwork. Further, the mixed 364 

design of the materials plays a major role in controlling the pressure exerted on the formwork and 365 

also reducing the w/c ratio would cause lower peak values. 366 

Assaad and Khayat [30] claimed that the binder content influenced the lateral and pore water 367 

pressures of self-compacting concrete at early ages. They found that increasing binder content caused 368 

a sharper drop in pressure on the formwork. These occurred due to hydration reactions after the end 369 

of the dormant period when the rate of hydration is accelerated. At the end of the plastic stage, the 370 

pore water pressure decreased sharply to a negative value as a result of the self-desiccation process. 371 

Increasing binder content caused an increase in the initial lateral pressure (coarse aggregate content 372 

reduced). Nevertheless, the lateral pressure decreased over time with a higher binder content in the 373 

mix.  374 

Khayat and Assaad [32] studied the field and laboratory evaluation of lateral pressure exerted by 375 

flowable concrete and self-compacting concrete (SCC). Pore-water pressure sensors were attached to 376 

the rigid formwork. They also recommended that sono-tube (formatube) formwork made of 377 

cardboard was not suitable for measuring and monitoring pressure because of its flexibility and 378 

erroneous values. For this type of formwork, to confine the formwork, external straps were used 379 

which interfered with the pressure values. Therefore, they preferred to use a rigid PVC tube to 380 



evaluate the pressure envelope exerted by SCC. For example, they used a 10mm thick PVC pipe as a 381 

column of 2800 mm high, which was sufficient to provide rigidity.  382 

Assaad, Khayat and Mesbah [87] investigated on time-dependent properties of the mix composition 383 

of SCC which had a dominant impact on formwork. However, Billberg [77] stated that the casting rate 384 

was the major influence on pressure development, not mixed composition. Another study by 385 

Brameshuber and Uebachs [88] claimed that the SCC lateral pressure became extremely close to the 386 

hydrostatic pressure while increasing the rate of casting and placing concrete from the bottom of the 387 

formwork.  388 

Tejeda-Dominguez, Lange and D'Ambrosia [7] stated that the SCC pressure on the formwork is a time-389 

dependent phenomenon that is affected by the rate of concrete casting. They found that the pressure 390 

started to decrease as soon as the concrete materials were at rest and that this was due neither to 391 

hydration nor the setting time of the concrete but due to completion of casting rate. They found that 392 

if the SCC was vibrated even after casting, the pressure on the formwork would, potentially, be 393 

activated irrespective of the rate of hydration of the SCC material. Indeed, this is a controversial 394 

aspect, hydration and setting time of materials are major part to reduce the duration of lateral 395 

pressure but not the peak value of the pressure.  396 

Proske, Khayat, Omran and Leitzbach [38] claimed that specific regulations for flowable concrete and 397 

SCC are not included in the standards. Some standards, such as Standard DIN 18218:2010-01, ACI-347 398 

and CSA S 269, have explained flowable concrete. They stated that the current methods to calculate 399 

the maximum lateral pressure of flowable concrete and SCC were based on the shear strength of 400 

concrete depending on various concepts such as thixotropy and setting time of concrete. Moreover, 401 

they stated that the concrete casting at the field is required to validate and prove the current models 402 

of lateral pressure by SCC on formwork. However, to have a safe design for lateral pressure on 403 

formwork, three parameters should be considered, namely, the casting rate, unit weight of mix 404 

compositions and height of formwork. They have also proposed a method for measuring the formwork 405 

pressure of flowable concrete based on measuring shear strength using different concepts such as 406 

structural build-up at rest and the setting time of concrete. Knowledge of those data would be 407 

beneficial for improving formwork production.   408 

Lomboy, Wang and Wang [89] observed that the thixotropy magnitude of SCC for pre-sheared 409 

concrete was lower than concrete not pre-sheared. This is due to the breakdown of partially hydrated 410 

cement particles from the rest of the matrix. However, they confirmed that the thixotropy value and 411 

shear rate stress increased with and without pre-sheared concrete being applied to the material's 412 



matrix. They found that having an internal vibrator during casting can cause full hydrostatic pressure 413 

on the formwork.  414 

Another study on the flow rate and viscosity of SCC concluded that the flow rate of SCC affects the 415 

pressure loss in a linear relationship according to the law of fluid mechanics, namely, with increasing 416 

flow rate, pressure loss increases [90]. They also found that concrete viscosity highly affected by the 417 

pressure loss in SCC and they had a good linear relationship with each other. The findings of Drewniok, 418 

Cygan and Gołaszewski [91] confirmed a similar slump flow and flow rate. They stated that low 419 

dynamic yield stress could cause higher lateral pressure on the formwork panel.  420 

Ferron [92] claimed that the lateral pressure was highly dependent on the mixture proportion of the 421 

concrete matrix. Therefore, having a proper mix design would possibly reduce formwork pressure by 422 

as much as 30%. Furthermore, higher structural build-up and higher shear strength of concrete 423 

provided more resistance to applied vertical stresses and less initial pressure might develop on the 424 

formwork.   425 

Roussel [13] explained a detailed study on the rheology of concrete, including SCC. It was revealed 426 

that the concrete usually placed as a layer over layers due to being cast in stages. Therefore, having 427 

stages of casting and lack of vibration in SCC, the layers of casting would not mix properly and resulted 428 

in a weak interface in the hardened concrete. In contrast, this is not a major issue in casting SCC due 429 

to having a continuous pumping and high slump value in materials, the bonding between layers can 430 

be eliminated.  431 

 432 

5. Types of pressure sensors used for measurement   433 

It is crucial to comprehend the differences in the type of pressure sensors and the calibration process 434 

because it significantly affects the result of the pressure readings. Electronic calibration units such as 435 

Vector Network Analyzers (VNA) have been designed to make calibration quicker, easier, and simpler 436 

to use than traditional mechanical calibration.  Electronic gauges add fewer connections which 437 

potentially reduces the number of errors in the connection systems [93]. Nevertheless, the calibration 438 

should be verified regularly with mechanical sensors and empirical calculation because the sensitivity 439 

of the sensors might result in large differences in the tolerance of the calibration.   440 

Fig.8 is an illustration of the transducer sensors which are usually used to measure the pressure of 441 

concrete on the formwork. Pressure transducers transform applied pressure into an electrical signal 442 

when a force is applied to the sensing element [94]. Many types of pressure transducer could be 443 



utilised with the assistance of various technologies such as thin/thick film, bonded foil and semi-444 

conductor strain gauges. These transducers have good stability and frequency response 445 

performances. Some other pressure transducers are used without electronic compensation, for 446 

example, pressure capsules that are typically used in Original Equipment Manufacturer (OEM) 447 

applications. These transducer sensors are small in size, easy to calibrate and perfect for most 448 

construction applications. Most of the earlier studies by  Assaad, Khayat and Mesbah [33] and Billberg, 449 

Roussel, Amziane, Beitzel, Charitou, Freund, Gardner, Grampeix, Graubner, Keller, Khayat, Lange, 450 

Omran, Perrot, Proske, Quattrociocchi and Vanhove [36] have been used this type of transducers.  451 

 452 

Fig. 8 Transducer sensor detailed sketch  453 

Despite the advantages of transducers, they also have drawbacks. These sensors could be easily 454 

damaged if the sharp edge of concrete aggregate hits the head of the sensor or if the sensor is not 455 

properly placed or protected. Furthermore, unless the end of the sensors is properly lubricated to 456 

avoid sticking to the concrete,  it would be difficult to later remove the concrete from the end of the 457 

sensors. Moreover, these sensors are expensive. Fibre Bragg Grating (FBG) sensors could be an 458 

alternative and cost-effective sensor compared with transducer sensors. These sensors could be 459 



embedded on the formwork panel to measure the precise lateral pressure of concrete. FBG sensors 460 

could be reusable if handled properly. 461 

6. Effect of geometry and dimensions of formwork on lateral pressure  462 

The shape and size of the formwork greatly affect the pressure on the formwork. For example, if the 463 

column shape is circular or square, the pressure distribution will greatly depend on the reaction of the 464 

formwork structure to resist concrete flow. Fig.9 shows the difference between a circular and a square 465 

column. The formwork design and material types are also major factors to be considered. 466 

 467 

Fig. 9 Difference in stress distribution for square and circular columns  468 

However, according to the active pressure of concrete and reaction pressure of the formwork, the 469 

pressure distribution could be represented by the following equation (4): 470 

𝑐 ∗ 𝐷 = 2 ∗ 𝑡 ∗ 𝑇      (4) 471 

where c is pressure on the form, D is the diameter of the member cast, t is the hoop stress in the 472 

formwork and T is the thickness of the formwork. According to equation 4, the reaction pressure of 473 

the formwork panel should be equal to the pressure side of the concrete. In this case, the same 474 

formula would apply to the geometries of the square and the circular formworks. Overall, the reaction 475 

and force distribution on the formwork would not be the same. Further investigation is required to 476 

determine how the formwork geometry affects the pressure distribution on the formwork panel.  477 

7. Effect of pumping procedure on lateral pressure 478 

When SCC is pumped from the base to the top of the formwork, any interruptions during pumping 479 

should be avoided, otherwise, the high pump pressure required to control the agglomeration of 480 

materials may cause build-up during resting of the SCC and its thixotropic behaviour. However, a wall 481 



with a height of 9 m has been successfully cast using robust panels and using a continuous pumping 482 

procedure without any problems [46].  483 

Kaplan [95] found that the casting of conventional concrete did not cause pressure loss at bends 484 

while pumping. Feys, De Schutter and Verhoeven [41] found that the pumping of SCC into bends 485 

causes loss of pressure which can be larger than the rule of thumb (guidelines stated that 90 ֯ bends 486 

will be equal to 3 m of the straight pipeline) [96]. They also found that the length of the bend can be 487 

reduced with increasing viscosity and discharge rate. The results of another study by Geert De and 488 

Dimitri [97] was consistent with their earlier study in terms of the effect of bending pipelines which 489 

caused a pressure loss. However, highly packed materials such as Ultra-high Performance Concrete 490 

require lubrication layers until it can be easily pumped. This is quite the opposite of SCC that does 491 

not require any lubrication due to its high flowability mix.   492 

With SCC, excessive pressures, sometimes approaching hydrostatic pressures, were recorded due to 493 

the high fluidity of the concrete. While pumping and placing the SCC, there is a possibility of excessive 494 

formwork deformation or even failure [46]. Therefore, further studies in understanding the details of 495 

lateral pressure distributions of SCC are vital.  496 

Details of the SCC requirements in terms of measurement of the slump flow, T500 and passing ability 497 

are provided in Table 3 (Australian Vicroads [98]). According to Table 3, T500 is the time taken for the 498 

flow to reach 500mm diameter from the base of the slump cone. This is considered as a measure of 499 

the viscosity of the SCC. Flowability, the viscosity of materials and passing ability measurements of 500 

SCC in the formwork would be valuable while casting SCC in the field. However, most of the concrete 501 

plants are neither providing the same mix proportions nor having the same procedure to produce the 502 

concrete. Therefore, the workability and pumping requirements of the SCC would be difficult to assess 503 

for each site. 504 

Table 3. Slump flow, T500 and passing ability requirements of SCC 505 

Properties of SCC Measurement Observations 

Slump Flow (Filling ability/flowability) 550-650 mm spread The aggregate shall be evenly 

distributed throughout the 

concrete paste within the spread 

and shall not exhibit signs of 

segregation 



T500 time (measure of viscosity) 3.5 ± 1 seconds 

to achieve a 

spread of 500 

mm 

The final spread shall not exceed 

650 mm in diameter 

Passing Ability ≤ 10 mm The concrete shall not exhibit 

signs of segregation 

 506 

Table 4 shows the mounting points of the pressure sensors from earlier studies with the results of the 507 

maximum exerted pressure. In the study by Kim, Beacraft and Shah [27], external pressure was applied 508 

on the top surface of a short column. Therefore, the maximum lateral pressure results of this study 509 

are potentially higher compared with the other studies.  510 

Table 4. Mounted heights for pressure gauges on the formwork of SCC 511 

Height in the column (m) Maximum lateral 

pressure (kPa) 

Total 

height 

(m) 

Sensor 

capacity 

(kPa) 

References 

0.55, 1.95, 3.36  NG 10  NG [23] 

0.15   345 0.3 NG [27] 

0.05, 0.25, 0.45, 0.85, 1.55  49, 49, 50, 38, 27 2.8  100  [29] 

0.05, 0.25, 0.45, 0.85, 1.55  49, 49, 50, 38, 27 2.8  100  [31] 

0.15  NG 0.3 NG [35] 

0.05, 0.25, 0.45  23 1.1  100  [30] 

0.05, 0.25, 0.45, 0.85, 1.55  58, 53, 49, 42, 36 1.3  50 to 500  [32] 

0.2, 0.4  NG 2 NG [42] 

1, 2, 3, 4, 7  156.8, 186.2, 166.6, 

176.4, 117.6 

12  NG [44] 

0.25, 0.7, 1.5, 2, 2.5  98, 78, 58, 39, 27 2.8  NG [45] 

0.2, 0.9, 1.7, 2.5, 3.3 (Field) 

0.15, 0.75, 2.55 (Lab) 

0.075, 0.25, 0.43, 0.65, 0.77 (lab)  

98, 78, 58, 39, 27 

NG 

NG 

4.9   

2.7  

0.97  

NG [46] 

0.05,0.25,0.45, 0.85, 0.125  45, 40, 38, 24, 19 2.1  100  [33] 

0.5, 1.4, 2.5, 4   

0.5, 1.0, 2.0, 3.1  

89, 65, 47, 31 

71, 40, 33, 20 

6.6  

4.2  

689  

 

[36] 

0.61, 1.83, 3.05, 4.27, 5.49, 6.71, 7.93 

 

20.68, 34.47, 20.68, 

19.10, 34.47, 18.80, 0.20 

8.53  NG [7] 

0.3, 1.3, 2.3, 3.3  NG 4.3  NG [99] 

NG: Not Given 



Fig.10 illustrates the maximum lateral pressures found in previous work. Measurements are shown 512 

with respect to different mixed design and various heights. These studies used different types of 513 

pressure gauges, different material types of formwork and different casting rates to measure the 514 

maximum lateral pressure on the formwork. The highest pressure would be at the lowest point of the 515 

formwork panel, however, this is not the case because each study used different types of sensor and 516 

different mix designs. Therefore, the maximum measured pressures vary dramatically. The red dot 517 

describes the normal placement while casting, however, the blue dot in Fig. 10 describes the applied 518 

force on the fresh confined SCC in the formwork.    519 

 520 

Fig. 10 Relationship of maximum lateral pressure and the height of the sensors in the formwork in 521 

different studies from the literature [7, 23, 27, 29-33, 35, 36, 42, 44-46, 99] 522 

Feys, Khayat and Khatib [90] confirmed that increasing the pipe radius from 100 to 125 mm would 523 

lead to a decrease in pressure loss by a ratio of 2.2, however, this is slightly lower than the ratio of 2.4 524 

required for Newtonian fluid materials.  525 

Feys [100] gave a lot of information regarding the pumping of SCC. The study found that the pressure 526 

loss and discharge output have a non-linear relationship in SCC, however, in conventional concrete 527 

exists a linear relationship. Further, the study explained that the air content introduced into the 528 

pumping system resulted in an increase in yield stress and a decrease in the viscosity of the materials. 529 

The study also noticed that temperature rose while discharging concrete. The increasing temperature 530 

was linearly related to the pressure loss per unit length of concrete.  531 



8. Theoretical prediction of SCC pressure on formwork 532 

Predicting pressure on the formwork exerted by SCC could be achieved by using a theoretical model 533 

and related mathematical analysis. Few studies have used this approach to predict the pressure 534 

exerted by SCC on formwork. To provide a general idea of the lateral pressure of conventional 535 

concrete and SCC, Fig.11 displays the schematic explanation of lateral pressure exerted by both types 536 

of concrete on the formwork. Each type of concrete represents a different shape of lateral pressure 537 

on the panel. It is obvious that, compared with conventional concrete, SCC exerts a high pressure in 538 

the bottom of the panel.   539 

 540 

Fig. 11 Schematic explanation of lateral pressure generally in conventional concrete and SCC 541 

Tah and Price [25] studied concrete lateral pressure magnitudes as changes occurred in the 542 

temperature and casting rate of concrete. Their study modified the equation proposed in the 543 

Construction Industry Research and Information Association (CIRIA) Report[81]. They presented a 544 

complex-shaped wall that considered the different coefficients of shape and size of the form C1 and 545 

the coefficient of the constituent materials of concrete C2. Computation analysis was performed using 546 

the ProCAD software. The formwork was divided into different sub-sections i and levels j. The 547 

maximum pressure at each point on the complex-shaped formwork was determined according to 548 

equation 5:  549 

𝑃max𝑖,𝑗 = 𝐷[𝐶1√𝑅𝑖,𝑗 + 𝐶2𝐾√𝐻 − 𝐶1√𝑅𝑖,𝑗] (kN/m2)  (5)  550 



where 𝑃max 𝑖,𝑗 is the maximum pressure at level j in subsection i, H is the height of the form, C1 551 

represents the coefficient of the shape and size of the form, C2 is the coefficient of constituent 552 

materials,  𝑅𝑖,𝑗 is the rate of rising at each level of j and the subsection i,  when the rate of rising 553 

(casting rate) is equal to the uniform volume supply rate (m3/h) divided by the plan area at each level 554 

(m2), D is the weight density of concrete kN/m3, K is the temperature coefficient (36/(T+16))2,  T is the 555 

concrete temperature at placing (°C). 556 

According to the ACI-Committee237R [101], the formwork is designed using the hydrostatic pressure 557 

of concrete according to the equation;  558 

P=wh         (6)     559 

where P is the lateral pressure, w is the unit weight and h is the depth of the fresh-state concrete. This 560 

makes the formwork thicker and heavier.  561 

ACI-Committee347 [102] also suggested calculating the lateral pressure on the formwork, according 562 

to the following equations : 563 

when R < 2.1 m/h and H < 4.2 m ( where R: rate of placement in m/h  and H: head of concrete in m), 564 

for columns and walls. 565 

𝑃𝑚𝑎𝑥 = 𝐶𝑤𝐶𝑐 (7.2 +
785𝑅

𝑇+17.8
)     (7) 566 

where Pmax is maximum lateral pressure, kPa,  567 

R: rate of placement, m/h;  568 

T: temperature of concrete during placing, °C; 569 

CC = chemistry coefficient; and CW = unit weight coefficient 570 

when R < 2.1 m/h and H > 4.2 m (for columns and walls) and 571 

for all walls with 2.1 m/h < R < 4.5 m/h 572 

𝑃𝑚𝑎𝑥 = 𝐶𝑤𝐶𝑐 (7.2 +
1156

𝑇+17.8
+

244𝑅

𝑇+17.8
)            (8) 573 

Most of the guidance and standard codes recommend the use of traditional vibrated concrete to 574 

measure lateral pressure [81, 102]. Usually, conventional vibrated concrete is used to represent SCC 575 

for measuring lateral pressure. This, however, might not be the best representation of SCC.  576 



Silo geometry has been originally used for soil mechanics applications by Janssen [103]. Vanhove, 577 

Djelal and Magnin [44] used silo geometry for a model aimed to predict the formwork pressure of 578 

fresh concrete. They used a tribometer to measure the friction coefficient between the metal surface 579 

of formwork and concrete. They modified Janssen’s equation, which is used in soil mechanics, by 580 

introducing the α coefficient (Amontons-Coulomb) which is dependent on the rheological properties, 581 

agent release and casting techniques of concrete. Their results clearly showed that Janssen’s model 582 

underestimated the lateral pressure of the materials and overestimated internal friction and friction 583 

on the walls.    584 

The studies of Vanhove, Djelal and Magnin [44] and Vanhove, Djelal and Magnin [104] explained the 585 

horizontal pressure P’(h) and vertical pressure P(h). These pressures can be linked by the 586 

phenomenological coefficient of K which relies on the frictional angle of the internal materials.  587 

P’(h)= K.P(h)       (9) 588 

Janssen’s model assumed that the pressure at a point is at the slip threshold, which is derived from 589 

the Coulomb formula.  590 

τ(h)=µ.P’(h)       (10) 591 

where τ(h)  is the friction stress and assumes µ as constant (coefficient of friction). From this equation, 592 

it is acceptable to evaluate the equilibrium force employed by the wall on the materials and vertical 593 

forces, as shown in Fig.12, using the following equation:  594 

𝐴𝑑𝑃′ + µ KP′(2e + 2L)𝑑ℎ = 𝜌𝑔𝐴𝑑ℎ   (11) 595 



 596 

Fig. 12 (a). Stress schematic representation in formwork reproduced after  [44], (b) Stress 597 

distribution in the formwork further detail  598 

The equation was modified according to Janssen’s assumption as pressure has a slip threshold. Thus, 599 

the equation is formed according to the Coulomb form approach, by considering initial shear stress, 600 

τ∘. 601 

τ(h)=µ.P’(h)+τ∘       (12) 602 

Therefore, the equilibrium formula can be developed further to account for the exerted forces on the 603 

form of walls and vertical forces.  604 

A(PdP).K.P.(2e2L)dh .g. A.dh+A.P    (13) 605 

where A is the area, e is the thickness, L is the width, is the density of the granular materials, and g 606 

is the gravity acceleration as is shown in Fig.12. 607 

To clarify Fig.12 (a) in more details, an explanation of the forces distribution have explained in Fig.12 608 

(b). Each of equation 7 and 9 are also derived from the forces shown in Fig.12 (b). 609 

Ovarlez and Roussel [23] proposed a physical model which defined the evolution of the lateral stress 610 

exerted by SCC on formwork. Their theoretical model was compared with previous work in the 611 

literature and they demonstrated an excellent match and acceptable prediction. Their results showed 612 

that the lateral stress was equal to the hydrostatic pressure when the casting concrete happen at the 613 



bottom of the formwork because the material is not able to flocculate and, therefore, is maintained 614 

as a fluid. They assumed the yield stress at rest was linear with time at the resting state: 615 

𝜏°(𝑡) = 𝐴𝑡ℎ𝑖𝑥𝑡      (14) 616 

where Athix is the flocculation coefficient, t is the resting time, typically Athix is a value between 0.1-0.2 617 

Pa/s. This value in other studies [23, 105] was confirmed to be between (0.1-0.2 Pa/s).  Billberg [106], 618 

however, predicted an unusually higher value for Athix of 0.6 Pa/s (from a model) for SCC.  619 

Ovarlez and Roussel [23] also expressed the critical rate of casting as follows:  620 

𝑅𝑐𝑟𝑖𝑡 =
2𝐻𝐴𝑡ℎ𝑖𝑥

eρg
      (15) 621 

where 𝑅𝑐𝑟𝑖𝑡 is the critical casting rate, e is the cross-sectional width and H is the height of the 622 

formwork.  623 

In contrast to casting from the bottom of the formwork, casting from the top of the formwork does 624 

not reach the hydrostatic pressure, because the concrete slowly flocculates at the bottom of the 625 

formwork [23]. Furthermore, they found that lateral stress decreases abruptly after the end of the 626 

casting, which can develop higher yield stress and starts behaving as if in a solid-state condition. Thus, 627 

they developed an equation for the maximum pressure Pmax, based on static yield stress at rest Athix 628 

(Pa/s), height H (m),  the width e (m), casting rate R (m/h) and concrete density 𝜌 (kg/m3).  629 

𝑃𝑚𝑎𝑥 = 𝜌𝑔𝐻 −
𝐻2𝐴𝑡ℎ𝑖𝑥

𝑒𝑅
      (16) 630 

Perrot, Amziane, Ovarlez and Roussel [24] further developed the equation obtained in the previous 631 

study [23] for maximum lateral pressure of SCC. Perrot’s equation included the cross-sectional area of 632 

steel bars in the formula to calculate the maximum pressure. As a result of this change, the maximal 633 

horizontal pressure can be calculated according to the following equation.  634 

𝑃𝑚𝑎𝑥 = [𝜌𝑔𝐻 − (
∅𝑏+2𝑆𝑏

(𝑒−𝑆𝑏)∅𝑏
)

𝐴𝑡ℎ𝑖𝑥 𝐻
2

𝑅
]     (17) 635 

where Sb is the horizontal steel section per linear meter of the form length (m2), and ∅𝑏  is the average 636 

diameter of the vertical rebars (m).  637 

In the study by Khayat and Omran [107], the maximum pressure was measured using a 0.7 m high 638 

column and their design was used to simulate a 13 m high concrete column using air overpressure 639 

[36]. They have obtained the dataset which established a formula to predict the maximum pressure.  640 



𝑃𝑚𝑎𝑥 =
γ𝑐𝐻

100
(98 − 3.82H + 0.63R + 11D𝑚𝑖𝑛)  (18)    641 

where 𝛾 is the unit weight of SCC (kN/m3), R is a casting rate (m/h), Dmin is the minimum formwork 642 

dimension (m), (0.2 ≤ Dmin ≤ 0.4 m). 643 

Gardner, Keller, Quattrociocchi and Charitou [108] based on the slump flow of concrete to reach zero. 644 

Therefore, Pmax could be found as follows:  645 

𝑃𝑚𝑎𝑥 = 𝑤𝑅𝑡𝑜/2      (19) 646 

where w=unit weight of SCC (kN/m3), R=casting rate (m/h) and to=intial time (this parameter obtained 647 

by concluding the slump loss from the slump flow (when inverted cone) to drop to reach 400 mm from 648 

the initial value (h) to = t400 [initial slump flow/(initial slump flow – 400 mm)]). This equation is valid 649 

where the time is more than half of t0 (t>t0/2), t= after the start of placement time (h).  650 

However, if the time is less than half of 𝑡𝑜  (t<𝑡𝑜), the following equation will apply: 651 

𝑃 = 𝑤𝑅(𝑡 −
𝑡2

2𝑡0
)      (20) 652 

The German standard of DIN18218 [80] has a series of equations for calculating the lateral pressure 653 

of concrete while vibrating at various levels of consistency and taking account of the temperature.  654 

For concrete cast at T=15 ˚C 655 

𝑃𝑚𝑎𝑥 = 𝛾𝑐𝐶2𝐾𝑡(0.48𝑅 + 0.74)    (21) 656 

Pmax=21+5R      for the stiff mixture  657 

Pmax=19+10R    for the soft mixture  658 

Pmax=18+14R    for the fluid mixture 659 

Where 660 

Pmax is the maximum lateral pressure kPa, 661 

𝛾𝑐  unit weight of concrete in kg/m3. 662 

C2 is the added coefficient, 663 

Kt is a temperature coefficient given by (145-3T)/100, 664 

R is the rate of placement, m/h and 665 



T is the concrete temperature, °C. 666 

However, contrary to the above studies, Puente et al. 2010 [109] divided the lateral pressure of 667 

concrete into four major parts. For the first model, they proposed an equation for the Pmax when the 668 

concrete mix is 1:2:4 with a slump of 150 mm, an ambient temperature of 21oC and the concrete 669 

density is assumed to be 2400 kg/m3. The equation (22) is expressed as follows: 670 

𝑃𝑚𝑎𝑥 = 23.4𝐻𝑚     (22) 671 

Hm is the height at which maximum lateral pressure occurred (m) 672 

Pmax is the maximum lateral pressure on the formwork (kPa) 673 

R is the casting rate (m/h) 674 

The same study proposed another model for calculating the concrete lateral pressure by using the 675 

internal friction and slump of concrete, equation (23): 676 

𝑡𝑔𝜑 =
260−𝛼

1400
        (23) 677 

where 𝜑 is the internal friction of the concrete angle, 𝛼 is a concrete slump (mm).  678 

The other model is the French standard NFP 93-350 [110], which is similar to equation (5) (CIRIA 679 

model).  680 

𝑃𝑚𝑎𝑥 = (𝐶1√𝑅 + 𝐶2 𝐾1 √𝐻1 − √𝑅𝐶1) 𝛾   (24) 681 

Where Pmax is the maximum lateral pressure (kPa) 682 

C1 is the coefficient that depends on the size and shape of the formwork. For walls and bases C1=1 683 

C2 is the coefficient that depends on the constituent materials of the concrete 684 

𝛾 is the concrete density (kN/m3) 685 

H1 is the vertical height (m) 686 

K1 is the coefficient that depends on the concrete temperature  687 

R is the casting rate (m/h) 688 

 689 



Puente et al. (2010) [109] explained that the vertical pressure was directly related to the horizontal 690 

pressure, explaining the theoretical relationship in the following equation (25): 691 

𝑃 = 𝜆𝐶𝛾𝐻     (25) 692 

Where 𝜆𝐶 is the relationship between vertical and horizontal pressure, 𝛾 is concrete density, and H is 693 

the height of the concrete. They explained that 𝜆𝐶 is a crucial factor that does not have a constant 694 

value. This value ranges from one to zero, where the number one represents a fluid concrete like 695 

water.  696 

However, the collected data of previous studies showed that the water ratio in the concrete matrix 697 

has a significant effect on the lateral pressure of SCC on the formwork panel. Fig.13 showed the 698 

relation between water content to lateral pressure almost linear with increasing water the lateral 699 

pressure increases. Therefore, having a high water content significantly increases pressure on the 700 

formwork panel. Overall, most studies showed increased water extremely affect the lateral pressure 701 

on formwork, except a study showed high water content in the matrix with a lower value of lateral 702 

pressure, which this is might not mean the maximum pressure. Some study has a limited number of 703 

sensors in the formwork and the allocation of mounted sensor highly significant to achieve the right 704 

value of maximum lateral pressure. Despite water content, dormant period and casting rate which are 705 

listed in this paper, they are other factors that should be considered.    706 

 707 

Fig.13. Relationship between water content to maximum lateral pressure exerted of SCC  708 



Table 5 presented rheology models and parameters of concrete, it also shows all parameters that 709 

should be included in a fluid-like concrete. Liu, Cheng, Chen, Pan and Liu [111] stated that the value 710 

of rheology can be achieved by rheometer as a direct method of testing or indirectly through slump 711 

flow.  712 

Table 5. Rheology models and properties for concrete 713 

Model Equation Properties References 

Bingham  𝜏 = 𝜏𝑜 + 𝜂�̇� Practical, unsuitable 

for low water/cement 

ratio 

[112, 113] 

Herschel-bulkley 𝜏 = 𝜏𝑜 + 𝑎�̇�𝑏  Suitable for shear-

thinning and shear-

thickening, restricted 

for low shear rate 

region 

[114] 

Modified Bingham 𝜏 = 𝜏𝑜 + 𝜂�̇� + 𝑐. �̇�2 Suitable for non-linear 

behaviour of cement 

materials (high shear-

thickening not 

included) 

[115, 116] 

Thixotropic model 𝜏 = (1 + 𝜆)𝜏𝑜 + 𝜂�̇� 

𝜕𝜆

𝜕𝑡
=

1

𝑇
− 𝛼𝜆�̇� 

Complex, suitable for 

viscous additive such 

as silica fume 

[79, 117] 

Casson √𝜏 = √𝜏𝑜 + √𝜂�̇� Complex, suitable for 

viscous supplementary 

cementitious mix such 

as silica fume 

[115, 118] 

De Kee 𝜏 = 𝜏𝑜 + 𝜂�̇�𝑒−𝑎�̇�  Suitable for cement 

paste and modifying 

admixture 

[115] 

Yahia and Khayat 𝜏 = 𝜏𝑜 + 2 √𝜏𝑜𝜂�̇�𝑒−𝑎�̇�  Unsuitable for high 

shear-thickening 

concrete 

[115] 

Quemada 𝜏 = (
1+√𝑎𝛾

𝑏+𝑐√𝑎𝛾
)2�̇� Suitable for 

pseudoplastic (shear-

thinning) materials 

[119] 



Vom Berg 𝜏 = 𝜏𝑜 + 𝑎 𝑆𝑖𝑛ℎ−1(𝑏�̇�) Suitable for a mix of 

both shear thinning 

and thickening 

behaviour 

[120] 

Powers 𝜏 = 𝜏𝑜 + 𝑃𝑡𝑎𝑛∅ Suitable to calculate 

the internal friction  

[121] 

Tattersall 𝜏 = 𝜏𝑜 + 𝜂𝑁 Unsuitable for low 

water/cement ratio 

[121, 122] 

Note: a, b and c are constant parameters; generally, 𝝉 (Pa) is shear stress, 𝝉𝒐 (Pa) is yield shear stress, 𝜼 (Pa s) is plastic 

viscosity, �̇� (1/s) is shear rate, k is a flocculation state of concrete, a is a thixotropic parameter and T is a characteristic 

time of flocculation, P is normal stress, tan∅ is an internal friction coefficient, N is the rotating speed of the impeller 

 714 

Table 5 shows major parameters in the shear stress equations which always exist the value of yield 715 

shear stress, shear rate and plastic viscosity. Besides, the flocculation of the concrete and thixotropic 716 

parameters is also considered a major contribution to the matrix. These values are contributing to 717 

creating a high or low ratio of an exerted lateral pressure.    718 

Shear stress is related to internal materials behaviour, this is possibly related to lateral pressure 719 

exerted on the formwork. In the study of Banfill [123], rheological behaviour at different water to 720 

cement ratios have been studied at the dormant period. They have observed low shear stress occurred 721 

at high water to cement ratio and vice versa. Thus, the internal concrete at a high w/c ratio provide 722 

lower internal stress and provide higher external stress out of the boundary of materials. 723 

Consequently, this is initiated a high exerted pressure on the formwork in SCC compared to 724 

conventional concrete.  725 

In terms of rheology properties of SCC materials concerning exerted lateral pressure, structural build-726 

up of cementitious paste is one of the matters. After approximately 30 minutes from mixing the slope 727 

of hydration start slowly and after that period can be extended to 100 minutes, this process has been 728 

discussed potentially by [124].  The structural build-up of cementitious material is highly affected by 729 

chemical admixtures in the matrix. The most common use of chemical admixture is polycarboxylate 730 

ether (PCE) superplasticizer in SCC, this is used to enhance workability and open time [124]. Winnefeld 731 

[125] studied that thixotropic structural build-up is set on 30 minutes of mixing cement with water, 732 

he displayed the storage modulus G’ (denotes a solid-like property and higher the G’ means higher 733 



strength or mechanical rigidity) with different ratios of superplasticizer. It showed that increasing 734 

superplasticizer is reduced the storage modulus of materials and possible delaying in hydration time. 735 

Several studies confrimed that the concrete can have a high flocculated particles but SCC have a lower 736 

degree of flocculation due to using high content of superplasticizer [79, 122, 126]. This is likely delay 737 

the hydration process and setting time of SCC. For that purpose, Khayat and Omran [2] determined 738 

the relationship between pressure cancelation and initial and final setting time of SCC which 739 

designated a linear relationship. To understand further in relate to pressure cancelation and setting 740 

time, more investigation in terms of setting time and plastic shrinkage period of SCC are required to 741 

attain best relationship between rheology of materials and lateral pressure in the confined formwork.  742 

According to Drewniok, Cygan and Gołaszewski [91], they made a correlation between static and 743 

dynamic yield stress and slump flow in relation to lateral pressure of concrete in formwork. In their 744 

study showed that higher slump flow with lower yield stress causes a higher lateral pressure; however, 745 

they figured out that the main effect is static yield stress in unstabilised concrete stiffening. Banfill 746 

[127] confirmed that the SCC has a lower static yield stress by 90% compared to conventional 747 

concrete. This causes massive lateral pressure in comparison to conventional concrete. 748 

An example for considering maximum pressure of SCC, CIRIA Report equation (5) used as theory 749 

equation and compared with the real casting of SCC on-site, it expects that the percentage of error 750 

for maximum pressure would be between (20-30)%. Equation (5) does not consider some factors such 751 

as the chemical composition of materials and the internal temperature of concrete which are major 752 

roles in controlling maximum pressure. ASTM1064 [128] using a method to measure concrete 753 

temperature through a thermometer to depth 7.6 cm. Nevertheless, this would be not enough to 754 

determine the temperature of concrete at different positions in the confined formwork.   755 

Fig.14 shows the general explanation of concrete casting in the dormant period time. The figure 756 

explained the concrete in the first placement of casting having a maximum pressure, then pressure 757 

during first to second hours after casting drops to approximately 1/3 of maximum pressure. After 6-758 

10 hours, which the development of flocculation among materials intensively occurred, pressure 759 

drops to about zero. In 10 hours and above, concrete would transit completely to a hardened state.   760 



 761 

Fig.14. Schematic illustration of fresh concrete lateral pressure on the formwork in a dormant 762 

period  763 

Most studies considered several factors relating to SCC pressure on the formwork. However, certain 764 

factors have not been considered, such as casting concrete at a different orientational angle, the 765 

distance of the formwork from the source of concrete, relative humidity during concrete casting, 766 

concrete internal temperature and the delivery system (the type of pipe and pump). In any future 767 

investigations, these factors need to be considered if appropriate. 768 

 769 

9. Conclusions  770 

Pressure exerted on formwork by SCC at an early age has several significant features. If the formwork 771 

panel is not designed properly, the concrete pressure might result in serious damage at the 772 

construction site.  773 

The main conclusions of this paper can be summarised as follows: 774 



 The ambient and internal temperatures of SCC have a major impact on the lateral pressure on 775 

the formwork panel. There are only a few studies on the ambient temperature conditions of 776 

the SCC. On the effect of internal temperatures, there is hardly any research.  777 

 Pressure values in previous studies are different from each other due to the use of different 778 

types of pressure sensor. To measure the correct value of the exerted pressure of SCC on the 779 

formwork panel, the location of sensors, appropriate sensors and gauges are required.  780 

 Casting rate has been identified as the dominant factor influencing the exerted pressure on 781 

the formwork.  782 

 The influence of geometric shape and size of formwork and the types of material used to 783 

fabricate the formwork on lateral pressure needs further investigation. 784 

 Overall, the exerted pressure of SCC on formwork contributes to cost-efficiency in the 785 

construction industry and formwork rigidity is dependent on the concrete mix and placing 786 

rate. Further studies on the measurement of the exerted pressure of SCC are required. They 787 

should employ advanced techniques such as fibre optic sensors. 788 

 Further studies are also necessary to investigate plastic shrinkage at the initial time of mixing 789 

and certain technologies such as digital image correlation are crucial to map strain contours 790 

of the surface and the relationship of plastic shrinkage with lateral pressure on the form need 791 

to be discussed. 792 

 793 

Acknowledgement 794 

This research is funded through the ARC Research Hub for Nanoscience based Construction 795 

Materials Manufacturing (IH150100006) with the support of Holcim Australia, the Industry 796 

Partner. 797 

The authors are grateful for the support of Holcim team.  798 

 799 

 800 

References 801 

[1] C.I. Goodier, Development of self-compacting concrete, Proceedings of the Institution of Civil 802 
Engineers - Structures and Buildings 156(4) (2003) 405-414. 803 



[2] K.H. Khayat, A.F. Omran, State-of-the-art review of form pressure exerted by self-consolidating 804 
concrete, Final Report Ready-Mix Concrete (RMC) Research and Education Foundation, American 805 
Concrete Institute (ACI), and Strategic Development Council (SDC)  (2009). 806 
[3] H. Zhao, W. Sun, X. Wu, B. Gao, The properties of the self-compacting concrete with fly ash and 807 
ground granulated blast furnace slag mineral admixtures, Journal of Cleaner Production 95 (2015) 66-808 
74. 809 
[4] A.F. Omran, K.H. Khayat, Portable pressure device to evaluate lateral formwork pressure exerted 810 
by fresh concrete, Journal of materials in civil engineering 25(6) (2012) 731-740. 811 
[5] C. Shi, Z. Wu, K. Lv, L. Wu, A review on mixture design methods for self-compacting concrete, 812 
Construction and Building Materials 84 (2015) 387-398. 813 
[6] P.S. Dunston, D.W. Johnston, P.P. McCain, Formwork Pressures in Tall Walls With Extended Set 814 
Concrete Admixtures; Blast Furnace Slag; Fly Ash; Formwork (construction); Loads; Placing; Tests; 815 
Walls; Construction, Concrete International 16(11) (1994) 26-34. 816 
[7] F. Tejeda-Dominguez, D. Lange, M. D'Ambrosia, Formwork Pressure of Self-Consolidating Concrete 817 
in Tall Wall Field Applications, Transportation Research Record 1914 (2005) 1-7. 818 
[8] M. Mymoon, S. Mahendran, R.L. Poorna, A. Hariharan, S. Suryakala, R. Sudhagar, Directions in Self 819 
Consolidating Concrete Research: Part 1-Bibliometrics, Journal article 1031 (2015) 65.3. 820 
[9] J.F. Burnham, Scopus database: a review, Biomed Digit Libr 3 (2006) 1-1. 821 
[10] J. Barros, E. Pereira, S. Santos, Lightweight panels of steel fiber-reinforced self-compacting 822 
concrete, Journal of Materials in Civil Engineering 19(4) (2007) 295-304. 823 
[11] G. De Schutter, P.J. Bartos, P. Domone, J. Gibbs, Self-compacting concrete, Whittles Publishing 824 
Caithness2008. 825 
[12] S.d.C.B. Nunes, Performance-based design of self-compacting concrete (SCC): a contribution to 826 
enchance SCC mixtures robustness, Universidade do Porto (Portugal), 2008. 827 
[13] N. Roussel, Understanding the rheology of concrete, Elsevier2011. 828 
[14] X.-j. LIU, Z.-w. YU, Research and application of self-compacting concrete [J], Journal of Railway 829 
Science and Engineering 2 (2006). 830 
[15] X. Zhang, W. Zhang, Y. Luo, L. Wang, J. Peng, J. Zhang, Interface shear strength between self-831 
compacting concrete and carbonated concrete, Journal of Materials in Civil Engineering 32(6) (2020) 832 
04020113. 833 
[16] Y. Xie, B. Liu, J. Yin, S. Zhou, Optimum mix parameters of high-strength self-compacting concrete 834 
with ultrapulverized fly ash, Cement and Concrete Research 32(3) (2002) 477-480. 835 
[17] F. Aslani, S. Nejadi, Self-compacting concrete incorporating steel and polypropylene fibers: 836 
Compressive and tensile strengths, moduli of elasticity and rupture, compressive stress–strain curve, 837 
and energy dissipated under compression, Composites Part B: Engineering 53 (2013) 121-133. 838 
[18] K.H. Khayat, D. Feys, Design, production and placement of self-consolidating concrete: 839 
Proceedings of SCC2010, Montreal, Canada, September 26-29, 2010, Springer Science & Business 840 
Media2010. 841 
[19] D. Feys, R. Verhoeven, G. De Schutter, Fresh self compacting concrete, a shear thickening 842 
material, Cement and Concrete Research 38(7) (2008) 920-929. 843 
[20] K. Hossain, M. Hossain, T. Manzur, Structural performance of fiber reinforced lightweight self-844 
compacting concrete beams subjected to accelerated corrosion, Journal of Building Engineering 30 845 
(2020) 101291. 846 
[21] A.F. Omran, S. Naji, K.H. Khayat, Portable Vane Test to Assess Structural Buildup at Rest of Self-847 
Consolidating Concrete, ACI Materials Journal 108(6) (2011). 848 
[22] R.H. Olsen, Lateral pressure of concrete on formwork, Oklahoma State University, 1968. 849 
[23] G. Ovarlez, N. Roussel, A Physical Model for the Prediction of Lateral Stress Exerted by Self-850 
Compacting Concrete on Formwork, Materials and Structures 39(2) (2006) 269-279. 851 
[24] A. Perrot, S. Amziane, G. Ovarlez, N. Roussel, SCC formwork pressure: Influence of steel rebars, 852 
Cement and Concrete Research 39(6) (2009) 524-528. 853 



[25] J.H. Tah, A.D. Price, Computer-based modelling of concrete pressures on complex shaped wall 854 
formwork, Building and Environment 26(2) (1991) 223-229. 855 
[26] S.H. Kwon, J.H. Kim, S.P. Shah, Development and applications of the intrinsic model for formwork 856 
pressure of self-consolidating concrete, International Journal of Concrete Structures and Materials 857 
6(1) (2012) 31-40. 858 
[27] J.H. Kim, M. Beacraft, S.P. Shah, Effect of mineral admixtures on formwork pressure of self-859 
consolidating concrete, Cement and Concrete Composites 32(9) (2010) 665-671. 860 
[28] Jae Hong Kim, M.W. Beacraft, S.H. Kwon, P.S. Surendra, Simple Analytical Model for Formwork 861 
Design of Self-Consolidating Concrete, ACI Materials Journal 108(1) (2011). 862 
[29] J.J. Assaad, K.H. Khayat, Effect of mixture consistency on formwork pressure exerted by highly 863 
flowable concrete, Journal of materials in civil engineering 18(6) (2006) 786-791. 864 
[30] J. Assaad, K.H. Khayat, Kinetics of formwork pressure drop of self-consolidating concrete 865 
containing various types and contents of binder, Cement and Concrete Research 35(8) (2005) 1522-866 
1530. 867 
[31] J. Assaad, K.H. Khayat, Effect of coarse aggregate characteristics on lateral pressure exerted by 868 
self-consolidating concrete, ACI materials journal 102(3) (2005) 145. 869 
[32] K.H. Khayat, J.J. Assaad, Measurement systems for determining formwork pressure of highly-870 
flowable concrete, Materials and Structures 41(1) (2008) 37-46. 871 
[33] J. Assaad, K.H. Khayat, H. Mesbah, Variation of formwork pressure with thixotropy of self-872 
consolidating concrete, Materials Journal 100(1) (2003) 29-37. 873 
[34] K.H. Khayat, A.F. Omran, Evaluation of SCC formwork pressure, Concrete international 32(6) 874 
(2010) 30-34. 875 
[35] A. Gregori, R.P. Ferron, Z. Sun, S.P. Shah, Experimental simulation of self-consolidating concrete 876 
formwork pressure, ACI Materials Journal 105(1) (2008) 97. 877 
[36] P.H. Billberg, N. Roussel, S. Amziane, M. Beitzel, G. Charitou, B. Freund, J.N. Gardner, G. Grampeix, 878 
C.-A. Graubner, L. Keller, K.H. Khayat, D.A. Lange, A.F. Omran, A. Perrot, T. Proske, R. Quattrociocchi, 879 
Y. Vanhove, Field validation of models for predicting lateral form pressure exerted by SCC, Cement 880 
and Concrete Composites 54 (2014) 70-79. 881 
[37] P. Billberg, T. Österberg, Självkompakterande betong.: Användningsteknik, Cement och Betong 882 
Institutet2002. 883 
[38] T. Proske, K. Khayat, A. Omran, O. Leitzbach, Form pressure generated by fresh concrete: A review 884 
about practice in formwork design, Materials and Structures 47 (2014). 885 
[39] Lange DA, Birch B, Henchen J, Liu Y-S, Tejeda-Dominguez F, S. L, Modeling formwork pressure of 886 
SCC, Proceedings of the 3rd North American conference on the design and use of self-consolidating 887 
concrete, Chicago, USA, 2008. 888 
[40] N.S. Saleem, M.H. Baluch, M.K. Rahman, M. Al-Osta, Experimental Investigations and a New 889 
Numerical Model for Evolution of Formwork Pressure in SCC, Arabian Journal for Science and 890 
Engineering 42(9) (2017) 3907-3921. 891 
[41] D. Feys, G. De Schutter, R. Verhoeven, Parameters influencing pressure during pumping of self -892 
compacting concrete, Materials and structures 46(4) (2013) 533-555. 893 
[42] A. Perrot, A. Pierre, S. Vitaloni, V. Picandet, Prediction of lateral form pressure exerted by concrete 894 
at low casting rates, Materials and Structures 48(7) (2015) 2315-2322. 895 
[43] Y. Vanhove, C. Djelal, Formwork pressures with self-compacting concrete, CONCRETE-LONDON-896 
CONCRETE SOCIETY- 36(6) (2002) 22-23. 897 
[44] Y. Vanhove, C. Djelal, A. Magnin, Prediction of the lateral pressure exerted by self-compacting 898 
concrete on formwork, Magazine of concrete research 56(1) (2004) 55-62. 899 
[45] A. Leemann, C. Hoffmann, Pressure of self-compacting concrete on the formwork, 3rd 900 
International Symposium on Self-Compacting Concrete, 2003, pp. 288-295. 901 
[46] A. Leemann, C. Hoffmann, F. Winnefeld, Pressure of self-consolidating concrete on formwork, 902 
Concrete International 28(2) (2006) 28-31. 903 



[47] M.J. McCarthy, R.K. Dhir, S. Caliskan, M.K. Ashraf, Influence of self-compacting concrete on the 904 
lateral pressure on formwork, Proceedings of the Institution of Civil Engineers-Structures and Buildings 905 
165(3) (2012) 127-138. 906 
[48] A. Santilli, I. Puente, An empirical model to predict fresh concrete lateral pressure, Construction 907 
and Building Materials 47 (2013) 379-388. 908 
[49] H. Chen, J.M. Yang, J.W. Zheng, Effect of rheology-regulation additives on the formwork lateral 909 
pressure of the self-compacting concrete, Applied Mechanics and Materials, 2014, pp. 1111-1115. 910 
[50] X. Wu, Z. Wu, J. Zheng, X. Zhang, Bond behaviour of deformed bars in self-compacting lightweight 911 
concrete subjected to lateral pressure, Magazine of Concrete Research 65(23) (2013) 1396-1410. 912 
[51] S. Shanmughan, R. Kannan, Modelling of formwork pressure using self-compacting concrete by 913 
numerical methods for attaining environmental sustainability, Key Engineering Materials, 2016, pp. 914 
119-128. 915 
[52] S. Teixeira, A. Santilli, I. Puente, Analysis of casting rate for the validation of models developed to 916 
predict the maximum lateral pressure exerted by self-compacting concrete on vertical formwork, 917 
Journal of Building Engineering 6 (2016) 215-224. 918 
[53] J.J. Assaad, P. Matar, Regression models to predict SCC pressure exerted on formworks containing 919 
vertical and transverse reinforcing bars, Materials and Structures 51(3) (2018) 62. 920 
[54] P. Matar, J.J. Assaad, Effect of vertical reinforcing bars on formwork pressure of SCC containing 921 
recycled aggregates, Journal of Building Engineering 13 (2017) 159-168. 922 
[55] P. Ghoddousi, A.A. Shirzadi Javid, G. Ghodrati Amiri, K. Donyadideh, Predicting the Formwork 923 
Lateral Pressure of Self-consolidating Concrete Based on Experimental Thixotropy Values, 924 
International Journal of Civil Engineering 17(7) (2019) 1131-1144. 925 
[56] S. Nemati, B. Samali, F. Sanati, Y. Aliabadizadeh, F. Yaghmaei, A creative validation method for 926 
Self Compacting Concrete (SCC) lateral pressure model using Archimedes' Law, International Journal 927 
of GEOMATE 17(63) (2019) 41-48. 928 
[57] M.A. Glinicki, J. Gołaszewski, G. Cygan, Formwork Pressure of a Heavyweight Self-Compacting 929 
Concrete Mix, Materials 14(6) (2021) 1549. 930 
[58] W. Schmidt, H.J.H. Brouwers, H.-C. Kühne, B. Meng, Influences of superplasticizer modification 931 
and mixture composition on the performance of self-compacting concrete at varied ambient 932 
temperatures, Cement and Concrete Composites 49 (2014) 111-126. 933 
[59] K. Celik, M.D. Jackson, M. Mancio, C. Meral, A.H. Emwas, P.K. Mehta, P.J.M. Monteiro, High-934 
volume natural volcanic pozzolan and limestone powder as partial replacements for portland cement 935 
in self-compacting and sustainable concrete, Cement and Concrete Composites 45 (2014) 136-147. 936 
[60] AS3600, Formwork for concrete-commentary, 1995. 937 
[61] S. Al-Martini, M. Nehdi, Effects of heat and mixing time on self-compacting concrete, Proceedings 938 
of the Institution of Civil Engineers - Construction Materials 163(3) (2010) 175-182. 939 
[62] P. SHAKOR, N. GOWRIPALAN, PRESSURE EXERTED ON FORMWORK AND EARLY AGE SHRINKAGE 940 
OF SELF-COMPACTING CONCRETE, Concrete in Australia  (2020). 941 
[63] A.F. Omran, Y.M. Elaguab, K.H. Khayat, Effect of placement characteristics on SCC lateral pressure 942 
variations, Construction and Building Materials 66 (2014) 507-514. 943 
[64] J.J. Assaad, K.H. Khayat, Effect of casting rate and concrete temperature on formwork pressure of 944 
self-consolidating concrete, Materials and Structures 39(3) (2006) 333-341. 945 
[65] K. Wang, Z. Ge, J. Grove, J.M. Ruiz, R. Rasmussen, T. Ferragut, Developing a simple and rapid test 946 
for monitoring the heat evolution of concrete mixtures for both laboratory and field applications,  947 
(2007). 948 
[66] C.H. Andreas Leemann, W. Frank, Pressure of Self-Consolidating Concrete on Formwork, Concrete 949 
International 28(2) (2006). 950 
[67] C. Braam, Horizontale belasting door zelfverdichtende betonspecie, Cement 3 (2002) 82-85. 951 
[68] C.A. Graubner, K.H. Lieberum, T. Proske, Eigenschaften von selbstverdichtendem Beton‐Kriechen, 952 
Schwinden, Schalungsdruck, Beton‐und Stahlbetonbau 97(12) (2002) 650-656. 953 



[69] J. Ikäheimonen, Formwork Pressure Due to Self-Compacting Concrete–Measurements on 954 
Abutment Breast Walls, TRITA-BKN, Report 55 (1998). 955 
[70] M. Glavind, J. Frederiksen, Formtryk og Selvkompakterende Beton (SCC)', Form Pressure and Self-956 
Compacting Concrete (SCC), Dansk Beton 4 (2001) 31. 957 
[71] M. Lindqvist, Formtryck av vibreringsfri betong: en uppföljning av ett brobygge i vibreringsfri 958 
betong från framtagning av recept till färdig bro, 1999. 959 
[72] P.F.G. Banfill, The rheology of fresh cement and concrete-a review, Proceedings of the 11th 960 
international cement chemistry congress, 2003, pp. 50-62. 961 
[73] F. Huang, H. Li, Z. Yi, Z. Wang, Y. Xie, The rheological properties of self-compacting concrete 962 
containing superplasticizer and air-entraining agent, Construction and Building Materials 166 (2018) 963 
833-838. 964 
[74] A. Yahia, Shear-thickening behavior of high-performance cement grouts—Influencing mix-design 965 
parameters, Cement and concrete research 41(3) (2011) 230-235. 966 
[75] RilemTechnicalCommittee, Final report of RILEM TC 188-CSC ‘Casting of self compacting 967 
concrete’, Materials and Structures 39(10) (2006) 937-954. 968 
[76] W.A. Megid, K.H. Khayat, Variations in surface quality of self-consolidation and highly workable 969 
concretes with formwork material, Construction and Building Materials 238 (2020) 117638. 970 
[77] P. Billberg, Form pressure generated by self-compacting concrete, Proceedings of the 3rd 971 
international RILEM symposium on self-compacting concrete, RILEM PRO33 Reykjavik, Iceland, 2003, 972 
pp. 271-280. 973 
[78] N. Roussel, Rheological requirements for printable concretes, Cement and Concrete Research 112 974 
(2018) 76-85. 975 
[79] N. Roussel, A thixotropy model for fresh fluid concretes: Theory, validation and applications, 976 
Cement and Concrete Research 36(10) (2006) 1797-1806. 977 
[80] DIN18218, “Frishbeton auf lautrechte” (Pressure of Fresh Concrete on Vertical Formwork), Berlin, 978 
1980. 979 
[81] CIRIAReport108, Concrete Pressure on Formwork, Construction Industry Research and 980 
Information Association, London, 1985, p. pp. 31. 981 
[82] NF, Formwork for concrete structures (Équipment de Chantier—Branches industrialisées pour 982 
ouvrages en béton), Paris, 1995, pp. 93-350. 983 
[83] A. Ritchie, The triaxial testing of fresh concrete, Magazine of concrete Research 14(40) (1962) 37-984 
42. 985 
[84] P.L. Domone, A review of the hardened mechanical properties of self-compacting concrete, 986 
Cement and Concrete Composites 29(1) (2007) 1-12. 987 
[85] K.B. Najim, M.R. Hall, A review of the fresh/hardened properties and applications for plain- (PRC) 988 
and self-compacting rubberised concrete (SCRC), Construction and Building Materials 24(11) (2010) 989 
2043-2051. 990 
[86] J.H. Kim, N. Noemi, S.P. Shah, Effect of powder materials on the rheology and formwork pressure 991 
of self-consolidating concrete, Cement and Concrete Composites 34(6) (2012) 746-753. 992 
[87] J. Assaad, K.H. Khayat, H. Mesbah, Assessment of thixotropy of flowable and self-consolidating 993 
concrete, Materials Journal 100(2) (2003) 99-107. 994 
[88] W. Brameshuber, S. Uebachs, Investigations on Formwork Pressure Using Self-Compacting 995 
Concrete, 3rd International Symposium on Self-Compacting Concrete, RILEM Publications, Reykjavik, 996 
Iceland, 2003, pp. pp. 281-287. 997 
[89] G.R. Lomboy, X. Wang, K. Wang, Rheological behavior and formwork pressure of SCC, SFSCC, and 998 
NC mixtures, Cement and Concrete Composites 54 (2014) 110-116. 999 
[90] D. Feys, K.H. Khayat, R. Khatib, How do concrete rheology, tribology, flow rate and pipe radius 1000 
influence pumping pressure?, Cement and Concrete Composites 66 (2016) 38-46. 1001 
[91] M.P. Drewniok, G. Cygan, J. Gołaszewski, Influence of the rheological properties of SCC on the 1002 
formwork pressure, Procedia engineering 192 (2017) 124-129. 1003 



[92] R.P.D. Ferron, Formwork pressure of self -consolidating concrete: Influence of flocculation 1004 
mechanisms, structural rebuilding, thixotropy and rheology, Northwestern University, Ann Arbor, 1005 
2008, p. 293. 1006 
[93] KEYSIGHTTechnologies, Keysight Technologies Electronic vs. Mechanical Calibration Kits: 1007 
Calibration Methods and Accuracy, White Paper, USA, 2014. 1008 
[94] BesTech. https://www.bestech.com.au/product/pressure-transducer/. 1009 
[95] D. Kaplan, Pompage des bétons, Laboratoire central des ponts et chaussées, Paris, 2001. 1010 
[96] M. Jolin, D. Burns, B. Bissonnette, F. Gagnon, L.-S. Bolduc, UNDERSTANDING THE PUMPABILITY 1011 
OF CONCRETE,  (2009). 1012 
[97] S. Geert De, F. Dimitri, Pumping of Fresh Concrete: Insights and Challenges, RILEM Technical 1013 
Letters 1(0) (2016). 1014 
[98] Vicroads, Self Compacting Concrete (SCC), GEOPAVE, 2006. 1015 
[99] C.-A. Graubner, T. Proske, Formwork Pressure: A New Concept for the Calculation, in: S.P. Shah 1016 
(Ed.) Proceedings of the 2nd North American conference on the Design and Use of Self-Consolidating 1017 
Concrete (SCC 2005) and the 4th International RILEM Symposium on Self-Compacting Concrete, 1018 
RILEM, Chicago, 2005, pp. 605-613. 1019 
[100] D. Feys, Interactions between rheological properties and pumping of self-compacting concrete, 1020 
2009. 1021 
[101] ACI-Committee237R, 237R-07: Self-Consolidating Concrete, Technical Documents  (2007). 1022 
[102] ACI-Committee347, Guide to Formwork for Concrete, American Concrete Institute, 2014. 1023 
[103] H. Janssen, Versuche uber Getreidedruck in Silozellen, VDI Zeitschrift 39(1885) (1885) 1045-1024 
1049. 1025 
[104] Y. Vanhove, C. Djelal, A. Magnin, A Prediction of the Pressure on Formwork by Tribometry, 1026 
ASME-PUBLICATIONS-PVP 431 (2001) 103-110. 1027 
[105] K.H. Khayat, N. Petrov, J. Assaad, R. Morin, M. Thibeault, Performance of Self-Consolidating 1028 
Concrete in Repair of Concrete Wall Elements, in: S.P. Eds. Shah (Ed.) Proceedings of the 2nd North 1029 
American Conference on the Design and Use of Self-Consolidating Concrete (SCC 2005), Chicago, USA, 1030 
2005. 1031 
[106] P. Billberg, Form Pressure Generated by Self-Compacting Concrete – Influence of Thixotropy 1032 

and Structural Behaviour at Res, School of Architecture and the Built Environment, Royal Institute of 1033 
Technology, Stockholm, Sweden, 2006. 1034 
[107] K.H. Khayat, A.F. Omran, Field validation of SCC formwork pressure prediction models, Concrete 1035 
international 33(6) (2011) 33-39. 1036 
[108] N. Gardner, L. Keller, R. Quattrociocchi, G. Charitou, Field investigation of formwork pressures 1037 
using self-consolidating concrete, Concrete international 34(1) (2012). 1038 
[109] I. Puente, A. Santilli, A. Lopez, Lateral pressure over formwork on large dimension concrete 1039 
blocks, Engineering Structures 32(1) (2010) 195-206. 1040 
[110] NFP93-350, Banches industrialisées pour ouvrages en béton., French Standard, 1995. 1041 
[111] G. Liu, W. Cheng, L. Chen, G. Pan, Z. Liu, Rheological properties of fresh concrete and its 1042 
application on shotcrete, Construction and Building Materials 243 (2020) 118180. 1043 
[112] G.H. Tattersall, P.F.G. Banfill, The rheology of fresh concrete, Pitman advanced Publishing, 1044 
Boston, 1983. 1045 
[113] O.H. Wallevik, D. Feys, J.E. Wallevik, K.H. Khayat, Avoiding inaccurate interpretations of 1046 
rheological measurements for cement-based materials, Cement and Concrete Research 78 (2015) 1047 
100-109. 1048 
[114] W.H. Herschel, R. Bulkley, Konsistenzmessungen von Gummi-Benzollösungen, Kolloid-Zeitschrift 1049 
39(4) (1926) 291-300. 1050 
[115] A. Yahia, K.H. Khayat, Analytical models for estimating yield stress of high-performance 1051 
pseudoplastic grout, Cement and Concrete Research 31(5) (2001) 731-738. 1052 
[116] D. Jiao, C. Shi, Q. Yuan, X. An, Y. Liu, H. Li, Effect of constituents on rheological properties of fresh 1053 
concrete-A review, Cement and Concrete Composites 83 (2017) 146-159. 1054 

https://www.bestech.com.au/product/pressure-transducer/


[117] T.E.R. Jones, S. Taylor, A mathematical model relating the flow curve of a cement paste to its 1055 
water/cement ratio, Magazine of Concrete Research 29(101) (1977) 207-212. 1056 
[118] N. Casson, A flow equation for pigment-oil suspensions of the printing ink type, Rheology of 1057 
disperse systems  (1959). 1058 
[119] D. Quemada, Models for rheological behavior of concentrated disperse media under shear, 1059 
Advances in rheology 2 (1984) 571-582. 1060 
[120] W.v. Berg, Influence of specific surface and concentration of solids upon the flow behaviour of 1061 
cement pastes, Magazine of Concrete Research 31(109) (1979) 211-216. 1062 
[121] R.S. Szecsy, Concrete rheology, University of Illinois at Urbana-Champaign1997. 1063 
[122] G.H. Tattersall, P.F. Banfill, The rheology of fresh concrete, 1983. 1064 
[123] P.F.G. Banfill, Rheology of Fresh Cement and Concrete: Proceedings of an International 1065 
Conference, Liverpool, 1990, CRC Press1990. 1066 
[124] P. Billberg, Form pressure generated by self-compacting concrete : influence of thixotropy and 1067 
structural behaviour at rest, Trita-BKN. Bulletin, Byggvetenskap, Stockholm, 2006, pp. xiv, 91. 1068 
[125] F. Winnefeld, Rheological Behaviour of Portland Cement Pastes during Early Hydration, wenty-1069 
Fourth International Conference on Cement Microscopy, San Diego, California, USA, 2002, pp. pp. 18-1070 
31. 1071 
[126] J. Wallevik, Rheology of particle suspensions [Ph. D. dissertation], Trondheim: Norwegian 1072 
University of Science and Technology  (2003). 1073 
[127] P.F. Banfill, The rheology of fresh cement and concrete-a review, Proceedings of the 11th 1074 
international cement chemistry congress, 2003, pp. 50-62. 1075 
[128] ASTM1064, ASTM C 1064; one test hourly when air temperature is 40 deg F (4.4 deg C) and 1076 
below and when 80 deg F (27 deg C) and above, and one test for each composite sample. 5, 1077 
Compression Test Specimens: ASTM C 31. 1078 

 1079 


	ELSEVIER Copyright Statement YEAR & DIO TEMPLATE - 2021
	10.1016 j.cscm.2021.e00642 am  .pdf

