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Abstract: Self-consolidating concrete (SCC) is a recently developed innovative construction material. SCC fills in a formwork

without any vibrating consolidation, which allows us to eventually achieve robust casting. However, high formwork lateral pressure

exerted by SCC is a critical issue regarding its application as cast-in-place concrete. In order to control the risk caused by high

formwork pressure, a comprehensive prediction model for the pressure was previously proposed, investigated, and validated with

various SCC mixtures. The model was originally designed to simulate the intrinsic pressure response of SCC mixtures while

excluding other extrinsic influencing factors such as friction and flexibility of the formwork. The model was then extended to con-

sider extrinsic factors such as friction between SCC mixtures and formwork. In addition, other interesting topics for peak formwork

pressure and mineral admixture effects were summarized in the paper.
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1. Introduction

Self-consolidating concrete (SCC) has been well established in

the precast concrete industry, and currently much effort is being

exerted to apply SCC to cast-in-place.
1,2
 There are some chal-

lenges in using SCC in cast-in-place. One of the major obstacles is

high formwork lateral pressure. Formwork pressure of SCC is

much higher than that of ordinary concrete due to its high fluidity.

Practitioners experience significant difficulty in designing form-

work for SCC, including determining the placement rate and the

removal time of formwork. This provides motivation to accurately

predict the formwork pressure exerted by SCC and to find a way

to reduce the formwork pressure. 

The Center for Advanced Cement-Based Materials (ACBM)

has been carrying out extensive studies related to formwork pres-

sure of SCC. A technique for experimental simulation was

developed
3
 that allows observation of the behavior of SCC form-

work pressure. The various notable findings include that the pres-

sure response of SCC mixtures shows thixotropy in a similar

manner to its rheological behavior. Therefore, the model considers

two different situations of thixotropic SCC mixtures, one under

increasing pressure and the other under sustained constant pres-

sure. 

Prior to describing the model, it is necessary to categorize influ-

encing factors on formwork pressure. There are many factors

affecting formwork lateral pressure such as placement rate, mix-

ture consistency, mix proportion, temperature, form smoothness,

dimension and shape of the form, consolidation method, type and

contents of admixture, content and type of cement, the height of

concrete placement, and viscosity and yield stress of concrete.

Some factors are related to the intrinsic characteristics of the mate-

rial itself while others are extrinsic factors related to external con-

ditions. A prediction model only for the intrinsic characteristics

was first developed.
4
 Subsequently, the extrinsic were separately

incorporated into the intrinsic model.
5
 Although the model was

motivated by the need to predict the formwork pressure of SCC, it

can also be applied to any cement-based materials, including

cement paste, mortar, and ordinary concrete. The intrinsic model is

capable of predicting the whole evolution of the pressure from the

beginning of casting to cancellation of the pressure. In order to

predict the peak pressure, a simple analytical model was also sug-

gested through modification of the original intrinsic model
6
. In

addition to the work on prediction, the effects of admixtures on

formwork pressure were investigated to seek a way to reduce the

peak pressure.
7

This paper reviews and introduces recent works on SCC form-

work pressure. The series of studies performed in the Center for

ACBM are explained, and finally research that needs to be per-

formed in the near future is recommended.

2. Model development

2.1 Proposition of the intrinsic model
Overhead or vertical pressure can be employed as a parameter
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to idealize the situation of concrete casting. The vertical pressure

increases up to the end of casting, and is then constantly sustained.

In a similar manner, the continuous increase of overhead pressure

could be discretized as a stepwise loading, as shown in Figure 1.

The stepwise loading consists of two parts: a sudden increase fol-

lowed by a constant load.

The intrinsic model
4
 assuming thixotropic behavior for form-

work pressure separates the lateral pressure responses according to

the sudden increase vs. the constant sustaining of the vertical pres-

sure. The instantaneous function β(t) is a response to the suddenly

applied vertical pressure, defined as the ratio of lateral-to-vertical

pressure applied at time t. The delayed function α(t, t') is defined

as the ratio of the lateral pressure change for time duration (t-t')

exerted by the vertical pressure applied at time t', and therefore it

represents the gradual decrease of the lateral pressure under the

constantly sustained vertical pressure. The two functions are

expressed as follows: 

 and (1)

(2)

In Eq. (1), tb is the time at which the slope of β(t) is changed, βs
is the value of β(t) at time tb, and s1 and s2 are the initial slope and

the slope after tb, respectively. In Eq. (2), t' is the time when verti-

cal pressure is applied, te is the dissipation time of the lateral pres-

sure, tc is the time when the rate of decrease of α(t, t') is suddenly

changed, Upc is the value of α(t, t') at t'= tc, and n is an exponent

representing the nonlinearity of the initial part of α(t, t'). Figure 2

graphically depicts the two functions.

Under the assumption that β(t) and α(t, t') for a given cement-

based material are independent of the applied vertical pressure, the

lateral pressure can be calculated with a linear superposition.
4
 The

lateral pressure consequently becomes cumulative pressure

response to the applied vertical pressure:

(3)

where σL(t) is the lateral pressure at an arbitrary time t and is

expressed as the sum of the response to dσV(t'), each increment of

the vertical pressure applied at time t'< t. Figure 3 describes the

calculation method for an incremental vertical pressure.

2.2 Experimental verification of the model

A special apparatus was manufactured to measure the lateral

pressure excluding the effects of extrinsic factors such as form-

work friction and deformation, as presented in Figure 4. Two pres-

sure cells of 175 kPa (20 psi) capacity were attached at the middle

of both sides, and one additional cell was located at the bottom to

confirm that there is no effect of wall friction. 

Experiments were performed with cement paste (CP), ordinary

concrete (OC), and SCC, the mix proportions of which are shown
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Fig. 1 Consideration of overhead pressure as stepwise 

loading (redrawn from Kwon et al.
4
).

Fig. 2 Graphical description of two functions (redrawn from Kwon et al.
4
).
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in Table 1.

Two different cases of loading were applied to the specimens, as

shown in Figure 5: (1) Case S1, the vertical pressure is instantly

applied at different time after casting and the pressure is then sus-

tained; and (2) Case S2, stepwise and ramp loading are applied.

The parameters for β(t) and α(t,t') in Eqs. (1) and (2) were cali-

brated from the results of the first basic test (Case S1). The lateral

pressure for Case S2 was calculated with the pre-calibrated param-

eters following the calculation method described in Eq. (3), and

finally the prediction was compared with the measurement in

order to verify the model.

Figure 6 shows the results of the comparison. The hollow dotted

lines are the measured lateral pressures, the solid lines are the cal-

culated lateral pressures, and the dotted lines are the applied verti-

cal pressures. For the three samples, CP, OC, and SCC, the

prediction is consistent with the measurement, although there are

some small errors in peak point and cancellation time. Therefore,

it is feasible to employ the proposed model to predict the lateral

pressure for any given time-varying vertical pressure. 

2.3 Incorporation of the extrinsic factors
The model needs to take many extrinsic factors into account in

predicting the real formwork pressure. The friction effect at the

interface between the formwork and inner concrete was investi-

gated as one of the major extrinsic factors.
15

Two different types of tests were performed for mortar and SCC

mixes. One was a column formwork test with circular columns of

three different diameters (130, 180 and 280mm) and the same

height (1.7m). The columns were relatively thin and tall, and

hence the wall friction should appreciably affect the measured

formwork pressure. The other test was a formwork pressure test

performed with the apparatus of Figure 4; this test excludes the

friction effect to identify the parameters used in the two functions,

β(t) and α(t, t'). The mix proportions are shown in Table 2.

Figure 7 shows a comparison between the lateral pressures

measured in the columns and the apparatus, namely, with and

without friction conditions. The peak pressure of the column is

slightly lower than that of the apparatus, but the difference

between the pressures measured in friction and non-friction condi-

Fig. 3 Calculation of lateral pressure for stepwise variation of 

vertical pressure (redrawn from Kwon et al.
4
).

Fig. 4 Test apparatus (redrawn from Kwon et al.
4
).

Table 1 Mix proportions for experimental verification of the 

model.

Materials
CP OC SCC

kg for 1 m
3

kg for 1 m
3

kg for 1 m
3

Water 558 195 218

Cement 1394 450 520

Fly ash - - 104

Sand - 776 784

Gravel - 960 724

HRWRA - 2.70 5.20

Fig. 5 Applied vertical pressures for calibration and verification of the model (redrawn from Kwon et al.
4
).
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tions increases after the peak. In addition, the cancellation time of

the pressure in the columns is considerably earlier than that in the

apparatus. 

The average friction stress acting on the entire wall surface of

the columns was obtained from the pressure measured at the bot-

tom of the columns. The friction stress of the different column

diameters was almost identical during casting, but the column

with larger diameter had higher friction stress after casting. Figure

8 shows the friction stresses divided by the corresponding diame-

ters. The friction stress-to-diameter ratios are almost identical, with

small deviation. The deviation is thought to stem from experimen-

tal error. Therefore, it could be concluded that the friction stress is

proportional to the column diameter. 

The friction stress plays a role of reducing vertical pressure. If

the average friction stress τFA is given, the vertical pressure σV(z, t)

at an arbitrary height z and time t can be expressed by the follow-

ing equations based on the force equilibrium: 

(4)

where w is the unit weight of the mixture, A is the cross-section

area, and P is the perimeter of the specimen. The mixture height

h(t) considers the casting situation. The mixture height increases

σV z t,( ) w
P

A
---τFA t( )–⎝ ⎠

⎛ ⎞ h t( ) z–( )⋅=

Fig. 6 Measured and calculated lateral pressures for S2 loading series (redrawn from Kwon et al.
4
).

Table 2 Mix proportions for investigation of the effect of wall friction.

Materials
Mortar SCC

kg for 1 m
3

kg for 1 m
3

Water 236 182

Cement 479 332

Fly ash 160 111

Sand 1182 819

Gravel - 875

HRWRA 0.49 1.05

VMA 0.38 1.35
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during casting, and then remains constant as the final height H

since the end of placement. The parameters of the two functions,

β(t) and α(t, t'), were calibrated from the small apparatus tests,

and the lateral pressures of the columns were calculated by Eqs.

(3) and (4). The measured and calculated lateral pressures were

compared. Figure 9 shows a comparison for the 280mm column

diameter and 2m/h casting rate test. Even though there are small

differences, both pressures had acceptable agreement, especially

for the peak pressure and the cancellation time. As a result, the

effect of friction could be quantitatively taken into account in pre-

dicting the formwork pressure by incorporating the friction stress

into the intrinsic model.

2.4 Application for the peak pressure
The intrinsic model was developed to predict the entire evolu-

tion of the formwork pressure, from the beginning of casting until

cancellation of the formwork lateral pressure. One of the major

concerns is the maximum value of the formwork pressure, for

example, when designing a formwork in practice. A simple ana-

lytical model that predicts the magnitude of the peak pressure and

corresponding lateral pressure profile was suggested based on the

intrinsic model.
6

Fig. 7 Measured lateral pressures from the column specimens with friction and the apparatus without friction (redrawn from Kwon et al.
5
).

Fig. 8 Values of friction stress divided by the column diameter (redrawn from Kwon et al.
5
).
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The two functions β(t) and α(t, t') were simplified to consider

the time duration of casting:

 and (5)

(6)

where the parameters a and b are the coefficients representing

both functions. The number of parameters was consequently

reduced for simplicity. 

If a SCC column is filled at a placement rate of R, the vertical

pressure increment at the bottom becomes ∆σV(t) =wR·∆t, where

w is the unit weight of the SCC mixture. Applying the increment

into Eq. (3) gives 

(7)

The 4th-order polynomial function has the maximum value,

σmax, at time tmax, where tmax consequently becomes a function of

a and b only. The maximum pressure is calculated by substituting

t with tmax into Eq. (7): 

(8)

where f (a,b) is an arbitrary function. Eq. (8) indicates that the max-

imum formwork pressure is not a function of time but depends on

the placement rate and the material properties (namely, the unit

weight w and the coefficients a and b). If the same mixture is used

for casting, the maximum pressure is proportional to the place-

ment rate, as shown in Figure 10.

In order to find the range of proportion, f (a,b) in Eq. (9), various

βsimp t′( ) 1 b– t′⋅=

αsimp t t′,( ) 1 a
2

– t′ t t′–( )⋅ ⋅=

σL app,

t( ) wR t
b

2
---t

2
–

a
2

6
-----t

3
–

ba
2

12
--------t

4
+⎝ ⎠
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tmax( ) wR f a b,( )⋅= =

Fig. 9 Comparison between the measured and calculated lateral pressure (redrawn from Kwon et al.
5
).

Fig. 10 Maximum lateral pressure for different casting rates 

(redrawn from Kim et al.
6
).

Fig. 11 Range of both coefficients.
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SCC mixtures were tested, as listed in Table 3. The coefficients a

and b were found by the formwork pressure test with a small

apparatus similar to that shown in Figure 4.

Figure 11 shows the distribution of the experimental results with

the contours of the maximum pressure (σmax) and the time taken

to reach the maximum (tmax) in Eq. (8). The maximum pressure is

normalized with wR, and thus both contours have the unit of hour.

The measured coefficients (a and b) for various samples are

located on the contour plot. Note that the values of the maximum

pressure (σmax) for these experimental data do not exceed 3.6wR.

In other words, the SCC mixtures tested in this study do not

exceed the maximum formwork pressure of 3.6wR.

Figure 12 shows the placement-rate functions for the maximum

pressure recommended by ACI
8
, DIN

9
, and the proposed model:

σmax= 3.6wR, where the unit weight, w, is in the unit of kN/m
3
.

On the other hand, as shown in Figure 11, the contour correspond-

ing to σmax= 3.6wR approximately coincides with that of

tmax= 7 h, indicating that the time needed to reach the maximum

pressure 3.6wR is about 7 h. However, in many in-field examples,

the casting time is clearly less than 7 h, and the peak pressure is

expected not to reach 3.6wR. In those cases, the maximum lateral

pressure can be estimated with the time function in Eq. (7) by

Table 3 Mix proportions and measured coefficients.

Label
Composition (kg for 1 m

3
)
 †

Flow (mm)
Results [h

-1
]

W C FA S G HRWRA VMA Others b a

A1 188 362 155 899 798 1.92 2.07 - 672 0.153 0.132

A2 188 362 155 899 798 5.34 2.07 - 655 0.261 0.111

B1 167 386 165 893 792 4.83 2.21 - 679 0.028 0.145

B2 184 362 155 902 799 1.94 2.07 - 648 0.327 0.185

B3 198 341 146 910 807 1.75 1.95 - 736 0.056 0.227

B4 211 322 138 917 813 1.37 1.84 - 800 0.016 0.215

C1 184 362 155 902 799 2.97 2.07 - 616 0.346 0.216

C2 184 362 155 902 800 3.36 2.07 - 591 0.284 0.219

C3 183 362 155 902 800 3.62 2.07 - 686 0.055 0.206

C4 197 359 154 896 795 2.34 1.54 - 705 0.371 0.170

C5 186 362 155 901 799 2.73 - - 730 0.299 0.145

C6 201 544 - 662 993 3.26 - - 445 0.288 0.313

C7 201 544 - 662 993 3.81 - - 600 0.284 0.483

C8 201 544 - 662 993 4.35 - - 700 0.117 0.415

D1 177 252 151 808 911 6.31 2.02 100 693 0.119 0.114

D2 180 306 153 804 906 4.51 2.04 51.0 660 0.269 0.197

D3 182 333 154 801 904 3.34 2.06 25.6 705 0.266 0.149

E1 182 307 154 904 802 3.67 2.05 51.2 711 0.472 0.083

E2 183 334 154 902 800 2.44 2.06 25.7 622 0.589 0.139

E3 183 351 155 902 800 2.96 2.07 10.3 616 0.262 0.203

E4 183 356 155 901 799 2.97 2.07 5.16 578 0.347 0.124

E5 197 354 154 896 794 2.44 1.54 5.13 660 0.330 0.113

F1 182 356 155 902 800 5.06 2.07 5.16 565 0.242 0.158

F2 184 358 155 901 799 4.64 0.00 3.41 705 0.165 0.144

F3 185 359 155 900 798 3.10 0.00 1.70 597 0.455 0.145

F4 197 358 154 896 794 2.83 1.54 1.69 629 0.467 0.168

G1 201 381 163 662 993 4.35 - - 720 0.052 0.404

G2 201 326 217 662 993 4.35 - - 720 0.015 0.191

G3 201 217 326 662 993 3.26 - - 720 0.197 0.336

H1 201 381 163 662 993 3.81 - - 720 0.061 0.498

H2 201 326 217 662 993 3.81 - - 720 0.006 0.179

H3 201 217 326 662 993 3.81 - - 720 0.004 0.413

†
W, C, FA, S, G, HRWRA, and VMA denote water, cement, fly ash, sand, gravel, high-range water-reducing admixture, and viscosity-modifying 

admixture, respectively. Groups D, E, and F additionally incorporate silica fume, metakaolin clay and attapulgite clay, respectively. The amounts 

used are listed in the column of Others. In addition, Group G uses limestone powder instead of fly ash.
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applying the casting time tcast into t. Two general situations were

identified: (1) tmax< tcast: if the casting time is greater than 7 h, the

peak pressure would be the placement-rate function, σmax=3.6wR.

(2) tmax> tcast: if the casting time is less than 7 h, the peak pressure

can be calculated with Eq. (8) by using t = tcast.

3. Interpretation based on the model

3.1 Stress state of mixture
Analysis based on the intrinsic model provides considerable

insight into the mechanical behavior of SCC fresh mixtures. The

mixtures show stiffening due to hydration, capillary suction

change, coagulation, floc strength increase, etc., which causes the

formwork pressure to decrease over time. The stiffening effect is

also identified via rheological measurement, where the yield stress

is increasing over time. In some existing studies
11-12

, it was

assumed that the formwork pressure drop is the same as the

amount of yield stress (shear strength) increase over time. How-

ever, based on the intrinsic model and experimental observations,

the measured shear stress acting on the material during and after

casting would not always reach the shear strength or yield stress.

In a cube to which normal stresses are applied, the normal

stresses to the x- and y- directions are identical to the lateral pres-

sure σL if the normal stress to the z-direction is assigned as the

vertical pressure σV. The stress state corresponds to the pressure

state considered in the model. Figure 13 shows a two-dimensional

Mohr circle to represent the stress state of a SCC mixture.

In Figure 13(a), the left graph shows a typical lateral pressure

curve over time under a constant vertical pressure, which can be

explained by α(t, t') in Eq. (2). State 1 indicates that the lateral and

vertical pressures initially are almost the same, and State 3 is the

cancellation point of the lateral pressure. As can be seen in the

right of Figure 13(a), State 1 corresponds to a point in the Mohr

circle, close to the hydrostatic state. The Mohr circle of State 2

becomes larger, toward the left, while the lateral pressure

decreases. As the circle grows, the shear stress increases over time.

At the end, the left end of the circle reaches the origin when the

lateral pressure is cancelled. 

The two-function model is further explored in Figure 13(b).

While the SCC mixture is under stepwise loading of vertical pres-

sure, the measured lateral pressure can be simulated with β(t) and

Fig. 12 Placement-rate function for the maximum pressure 

(redrawn from Kim et al.
6
).

Fig. 13 Difference between shear stress and yield stress.
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α(t, t'). State 1 at t= t1 is modeled with an instantaneous response:

σL(t1) = β(t1)σV(t1). Incorporating a delayed response describes

State 2 at t = t2: σL(t2) =α(t2, t1)β(t1)σV(t1). In the same manner,

States 3 to 5 can be represented with Eq. (3). On the other hand,

Mohr circles represented in the right of Figure 13(b) correspond to

each pressure state. It is necessary to take a look at States 2 vs. 3 at

t = t2 and States 4 vs. 5 at t= t3. The Mohr circles for States 2 and

3 indicate that the shear stresses acting on a material are different

even at the same time (t= t2): the shear stress (τ1) in State 2 is less

than the shear stress (τ2) in State 3. This indicates that the shear

stress at t1 must be less than the shear strength. The same applies

for States 4 and 5 at the same time (t = t3): τ3< τ4 ≤τy. The step-

wise loading measurement perhaps shows that the magnitude of

shear stress acting on a fresh concrete mixture is not always the

same as its shear strength. 

The intrinsic model separately considers the instantaneous shear

stress increase for a vertical pressure increment, β(t), and the

delayed shear stress gain under a constant increment, α(t, t').

Despite that the model is phenomenological, it has the merit of

predicting realistic formwork pressure without any difficulty

related to yield stress. An exact mechanism for the two-function

concept has not been clearly revealed yet, but the intrinsic model

provides a plausible means of understanding the pressure response

of a SCC mixture. The concept also proved helpful to investigate

the effects of mineral admixtures, as presented in the following

section.

3.2 Effect of mineral admixtures
Incorporation of mineral admixtures affects the formwork pres-

sure of SCC, and the formwork pressure response was investi-

gated based on the proposed model.
7
 In the foregoing Table 3,

Groups D, E, and F are SCC mixtures containing silica fume (SF),

metakaolin clay (MK), and attapulgite clay (AG), respectively.

Those groups used the same mix compositions, such as water-

cementitious materials ratio, but the HRWRA dosage was ad-

justed to maintain the slump flow of SCC within a narrow range.

Figure 14 shows the results of the formwork pressure test,

where the dashed line is the applied stepwise vertical pressure.

The stepwise loading clarified the pressure response in terms of

the instantaneous function β(t) and delayed function α(t, t').

Decreasing slopes of each step are very similar in all cases, which

indicates that α(t, t') is not sensitive to the use of mineral admix-

tures. Table 3 quantitatively reports the observations with the

delayed coefficients a distributed within a narrow range. However,

the heights of each step, the lateral pressure increments, are appre-

ciably influenced. The measurement was analyzed via β(t) and the

instantaneous coefficients b are listed in Table 3.

A thixotropic view distinguishes the instantaneous response β(t)

under sudden increase of pressure from the delayed response α(t, t')

under sustained constant pressure. The experimental results show

that the instantaneous response is more influenced by the mix pro-

portion. In other words, the microstructure of the mixture custom-

ized by incorporating mineral admixtures is more revealed by the

mixture test under increasing pressure rather than by that under

sustained constant pressure.

Similarly, in a rheological measurement, a SCC mixture under

shearing shows different behavior from the identical mixture at

rest. By analogy to the instantaneous response β(t), a mixture test

under shearing is expected to reveal the effects of mineral admix-

tures effectively. Relating the rheological investigation with the

formwork pressure is still questionable and under investigation.

Nevertheless, in order to provide a field-friendly test for formwork

pressure estimation, a correlation between rheological and form-

work pressure tests was identified.
7
 The foregoing discussion

explicates the reason for selecting the instantaneous response β(t)

and the loss of slump flow. A slump flow test
12
 was also per-

formed in concert with the formwork pressure test for more than

20 mixes. As a result, if the slump flow df (t) at time t is measured

with the unit of centimeter, the instantaneous function can be esti-

mated:

(9)

4. Conclusions

This paper summarized the two-function model simulating

formwork pressure exerted by SCC. The proposed model uses the

instantaneous and delayed response functions separately, which

enables consideration of various field conditions such as place-

ment rate and casting procedure. The model shows promise to

simulate all situations, but incorporating extrinsic factors and

exploring the basic mechanism are still necessary. One of the

extrinsic factors, friction between the mixture and formwork,

demonstrated in this paper would be an example for future devel-

opment. The results show that the peak pressure is less influenced

by friction, and so the simplified intrinsic model without consider-

ing the friction effect is eligible to evaluate the peak pressure of

SCC formwork. Based on the SCC formwork pressure test data-

β t( ) 0.10df t( ) 0.31+=

Fig. 14 Effect of mineral admixtures: (a) silica fume and (b) attapulgite clay.
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base collected via the studies, the peak pressure is always less than

3.6wR when the casting time is more than 7 hr. If the casting time

is less than that, the peak pressure could be further decreased. The

value of the decreased peak pressure could be estimated using the

loss of slump flow.
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