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Abstract 
During the production process of a concrete structure with regard to the formwork 

different aspects are of importance: economic layout, safety, load bearing capacity, type of 
concrete mixture, influence of environmental conditions, the corresponding progress of the 
pouring and the requirements of fair-faced concrete. The resulting concrete pressure on the 
formwork during the production is one of the most important figures in this multi-parameter 
problem. State of the art is that the pressure acting on the formwork is linearly related to the 
initial setting time of the concrete. Concrete nowadays is a high-tech product including 
probably chemical additives influencing its behavior significantly. Destructive and subjective 
testing methods are suggested even in recent codes like DIN 18218. Ultrasonic measurements 
offer the possibility to follow the hardening process and to deliver objective values 
characterizing the individual concrete mix. The technique applied for the ultrasound 
characterization is based on wave transmission and reflection. The experimental procedure is 
well-tried and optimized. This technique only needs a one-sided accessibility to the material 
under investigation and offers the advantage to atomize a reliable determination of the setting 
time. Those results are available on the building site to optimize the production.  

Résumé 
Pendant le processus de construction d'une structure de béton eût égard au coffrage, 

différents aspects sont importants : la présentation économique, la sécurité, la capacité du 
porteur de la charge, le type de composition du béton, l'influence des conditions écologiques, 
la progression du coulage et les exigences du béton brut. La pression du béton résultant sur le 
coffrage pendant la production est une des données les plus importantes dans ce problème. 
L'état de l’air dit que la pression appliquée au coffrage est linéairement reliée au temps de 
prise du béton. Le béton est aujourd'hui un produit sophistiqué incluant les additifs 
probablement chimiques influençant son comportement d'une façon significative. Les 
méthodes destructrices et subjectives de l'essai sont suggérées même dans les codes récents 
comme DIN 18218. Les mesures ultrasonores offrent la possibilité de suivre le processus du 
durcissement et de remettre les valeurs objectives caractérisant la composition du béton. La 
technique appliquée pour la caractérisation ultrasonore est basée sur la transmission d’ondes 
et la réflexion. La procédure expérimentale est bien testée et optimisée. Cette technique a 
besoin d'une accessibilité d'un côté au matériau à ausculter et offre l'avantage d’obtenir une 
détermination sûre du temps de prise. Ces résultats sont disponibles sur le site de construction 
pour optimiser la production.
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1 Introduction 
Obviously the aims of a fair-faced quality, the economical design of the formwork and the 

building site requirements must be brought in accordance. The stiffening time of the concrete 
is one of the dominating factors for finding a optimal solution for that multiparameter 
process. The existing methods of determining the setting-time are based on traditional 
building site techniques. Improved techniques using ultrasound techniques offer chances to 
significantly achieve objective results and also to assist with respect to quality control.  

2 State of the Art in Test Methods 
The pressure on the formwork depends primarily on the velocity of pouring v and the 

setting time te as shown in Eq. 1. 
 

etvp ∗~ , te = setting time; v = velocity of pouring  (1) 
 

Different test methods for the determination of the setting time are available: The 
European Standard Vicat-Penetration test for mortar, the USA Standard test for concrete 
according to ASTM C 403 the Humm-Penetration test and the Knead-Bag test. Results of 
comparative testing are shown in [1]. 
The proper determination of te of the concrete under observation dominates the optimal 
velocity of pouring, which in contrary has its limitations in the aim of fair-faced concrete 
production. In practical application these methods are influenced by aggregates, subjective 
information and can’t be applied to the concrete already applied in the formwork.  

3 Basic Ideas for an Improved Objective Test Method 
The following description is based on the work of Turgay Öztürk [2]. For on-site 

workability the concrete must remain in the plastic state for a sufficient period of time. 
Therefore it is important to monitor the setting time. The assessment of the mechanical state 
of the hydration of cement-based materials is of great importance regarding economical and 
safety aspects. With this knowledge the efficiency of pre-cast element production can be 
raised. The time for form removal can be optimized. In the frame of a quality control the 
setting time can be verified. 

The use of ultrasound is promising. Several investigations have applied the through-
transmission technique to characterize the mechanical properties of cement-based materials 
[3-5]. It has been shown that the wave reflection technique has significant advantages 
compared to the through-transmission technique since only a one-sided access is needed. The 
data collection can be started immediately after mixing. Shah, Valic, et al [6-8] have shown 
that the wave reflection from the surface of a specimen is directly connected to its mechanical 
properties. In the following an ultrasonic technique to monitor the hydration process of early-
age cement-based materials throughout their setting is presented. 

4 Experimental Procedure 
The setting of cement-based materials is continuously monitored using the wave reflection 

technique. The obtained ultrasonic data are correlated to those collected by the pin 
penetration tests and the temperature measurements. At first a correlation between the setting 
of cement paste and the wave reflection from its surface is established. 
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4.1. Specimen 
The tests are performed on specimens as described in Table 1. The test specimens are 

cured under isothermal condition at a constant temperature of 20° and kept under sealed 
conditions throughout the duration of the experiments. 

Table 1. Mix proportion by weight 

Mix No. Mix Type Cement type Cement Wate
r Aggregates Max. particle size 

1 cement paste CEM I 32.5 R 1 0.257 - - 

2 mortar CEM I 32.5 R 1 0.5 2.23 2 mm 

3 concrete CEM I 32.5 R 1 0.5 4.25 8 mm 

4 semi hydrate paste semi hydrate 1 0.167 - - 

5 clinker paste cement clinker 1 0.253 - - 

4.2. Ultrasonic Wave Reflection 
The test setup is shown in Fig. 1. Normal-incidence L-wave transducer type DEUTSCH 

S40HB0.1-0.3 with a center frequency of 200 kHz is used. The transducer is coupled on the 
acrylic glass plate with a thin layer of VASELINE ®. A mold is glued on the acrylic glass 
plate. The test setup is heat insulated. After filling in the material and the compacting it, a 
water basin with constant 20°C water is placed on top of the specimen in order to achieve 
isothermal conditions. 

water basin 20°C

acrylic glass

L-wave 
transducer

specimen

mold

heat insulation

 
Figure 1. A schematic of the wave reflection apparatus 

At an interface between two materials with differing acoustic impedances, a portion of the 
incident wave energy is transmitted through the boundary into the second material and the 
remaining is reflected back into the first one. When the propagating wave is normally-
incident upon the boundary, the ratio of the amplitude of the reflected wave to the incident 
amplitude is given by Eq. 2 

LVZ
ZZ
ZZR *;

12

12 ρ=
+
−

= (2) 
 
where R is the reflection factor, Z1 the acoustic impedance of first material, Z2 the acoustic 

impedance of second material, ρ the density of the material and VL the ultrasonic velocity of 
the longitudinal wave in the material. As the first material acrylic glass is chosen and the 
second material is the cement-based material. 
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In order to eliminate the influence of the measuring device and the coupling condition of 

the transducer, the results obtained from the measurements at cement pastes are normalized 
on that at air and the “wave reflection factor” (WRF) is obtained as Eq. 3 

 
 

AIR

ECEMENTPAST

R

R
WRF = (3) 

 
where RCEMENTPASTE is the reflection factor of the acrylic glass – cement paste interface and 

RAIR the reflection factor of the acrylic glass – air interface. A difference quotient of the WRF 
versus time leads to Eq. 4: 

 
100*

t
WRFDQ
∆

∆
= (4) 

 

4.3. Comparative Vicat Needle Test 
The mechanical stiffening of cement paste and mortar are measured according to DIN EN 

196-3 and DIN EN 480-2 by using the Vicat needle apparatus with a total needle weight of 
300 grams and 1000 grams, respectively. In case of concrete the aggregates with a grain size 
greater than 2 mm are sieved and the pin penetration test is performed on the separated 
mortar. This test determines the time when initial and final set occur, respectively. After the 
mixture, due to the fluid state of the suspension, the pin penetrates through to the bottom of 
the probe. With the formation of a rigid matrix the pin penetration depth (NET; 
Nadeleindringtiefe) decreases rapidly and reaches the value zero. With an appropriate time 
distance to the beginning of the matrix formation inside the cement paste the DIN standard 
sets the initial set to NET = 36±1mm. Due to the sensitivity of ultrasound to changing 
mechanical properties of cement paste – as will be shown below – the initial set (point C) 
shall be defined here as the beginning of the exothermal reaction accompanied by the 
formation of hydrated phases and decrease of the pin penetration depth. The final set 
(point D) shall be defined as that time after which the pin penetration depth levels off. 

4.4. Experimental Results - Setting of Cement Paste 
Fig. 2a shows the development of the WRF, 2b the development of the DQ curve, 2c the 

development of the temperature in the center of the specimen and 2d the development of the 
pin penetration depth (NET). 

After a specific time elapse the WRF curve decreases rapidly, has an inflection point, 
reaches a minimum and increases again. Immediately after mixing the acoustic impedance of 
the cement paste is lower than that of acrylic glass, but increases in the course of the 
hydration process of the cement. At the minimum of the WRF curve, the acoustic impedance 
of the cement paste is equal to that of the acrylic glass. Due to restrictions of the technical 
equipment the WRF curve has an offset and does not reach zero. Afterwards the acoustic 
impedance of the cement paste exceeds that of the acrylic glass. A numerical difference 
quotient (DQ) of WRF is shown in Fig. 2b. The DQ curve starts to decrease, reaches a 
minimum, increases and has its zero-crossing.  

Comparing c) and d) it can be seen that point B occurs at the same time as the initial set of 
the cement paste (point C). It can also be correlated to the minimum of the DQ curve. At this 
point the WRF curve has its inflection point. 

   
 



 NDTCE’09, Non-Destructive Testing in Civil Engineering  
 Nantes, France, June 30th – July 3rd, 2009  
 
 

0,0
0,2
0,4
0,6
0,8
1,0

0 200 400
Time [min]

W
RF

 [-
]

22

24

26

28

30

0 200 400
Time [min]

Te
m

p 
[°C

]

0
10
20
30
40
50

0 200 400
Time [min]

NE
T 

[m
m

]

C
D

B

C

D

-0,6
-0,4

-0,2
0,0

0,2

0 200 400

Time [min]

DQ
 [%

/m
in

]

C
D

a) b)

c) d)

A

A

A

 
Figure 2. Cement paste - a) development of the WRF, b) development of the DQ 

curve, c) development of the temperature in the center of the specimen,  
d) the development of the pin penetration depth (NET) 

With respect to [3] this point can be considered as the percolation threshold where the 
system changes from a suspension of cement particles in water into an interconnected solid 
phase. On the NET curve the final set is marked as point D. The final set can be correlated to 
the zero-crossing of the DQ curve and the increase of the WRF curve after having reached its 
minimum. 

5 Comparison of the Setting of Mortar and Concrete 
The ultrasonic detection of the initial set and final set of cement paste is of great interest 

for laboratory tests but for the application of this test for the evaluation of construction 
elements it is essential to verify that the setting of concrete can also be detected. 
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Figure 3. Mortar - a) development of the WRF, b) development of the DQ curve,  

c) development of the temperature in the center of the specimen,  
d) the development of the pin penetration depth (NET) 
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The results obtained from the measurements on mortar are shown in Fig. 3. The 

dissolvation of cement grains during the induction period hardly decreases the WRF. After 
point A during the dormant period the gain of the acoustic impedance of mortar accelerates 
caused by the hydration of calcium sulfate. But differing from the results at the cement paste 
the beginning of the pin penetration resistance gain does not match with the beginning of the 
exothermal reaction. The NET decrease starts about 1 hour later.  

The wave reflection is directly related to the mechanical state of the probe. Point C acts as 
a transition between the hydration of calcium sulfate and cement clinker at cement paste but 
not at mortar. Due to the existence of the inert aggregates the interlock of the matrix is 
delayed with respect to the beginning of the exothermal reaction. At the interlock the DQ 
curve reaches a minimum. The change of the wave reflectivity reaches its maximum. The 
initial set corresponds to the inflection point of the WRF curve. At the final set the WRF 
curve reaches its minimum and re-increases again (point D). 

These findings are also valid for concrete. The setting itself is independent of the 
maximum grain size. 

6 Conclusions 
Based on the presented research the following conclusions can be drawn: 

Initial set and final set of cement paste, mortar and concrete can be detected non-destructively 
using the WRF technique. The stiffening of semi-hydrate can not be correlated to 
characteristics of the WRF curve. Its rehydration leads to a monotone decrease of WRF. The 
experimental set-up can easily be transferred to a building site applicable test system or even 
be incorporated to a standardized formwork. Projects of this type are in progress.  
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