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ABSTRACT 
 
Coking of coal blends using high volatile coals with poor caking properties and other 
blendable components like petroleum coke, coke dust etc. to produce high quality blast funace 
coke can be achieved by compacting the whole charge blend prior to the carbonisation in the 
so-called stamp charge operation. Here densification up to a relative material density of 80 % 
has proven to be advantageous. Using the stamp charging process improves the flexibility of 
the coke making operation by using cost-efficient raw materials and the oven productivity. 
In stamped charge operation the coal blend is quasi-continuously fed into a metal box of 
dimensions similar to the coke oven, where it is compacted by aligned periodical stamping. 
The self-supporting stamp cake is then charged to the coke oven through the oven door. The 
overall objective of the stamping process is the production of a cake of tall oven height with a 
uniform high density and a sufficient mechanical strength in order to ensure a trouble-free 
cake charging. 
At the Department for Mechanical Process Engineering & Solids Processing of the Technical 
University Berlin the two sub-processes of densification and strengthening during stamping 
are theoretically and experimentally investigated using a special micro-stamping test unit in 
combination with a special designed strength test device suited to the dimensions of the 
stamped cake. 
Describing cake density in terms of coal properties for a given coal and measured stamping 
energy input then leads to a compacting equation with the so-called stampability as the 
integral model parameter. Systematic investigations carried out to analyze the effects of 
different coal and process parameters provide evidence of a significant influence of coal type, 
coal surface moisture, coal granulometric and mechanical properties on the densification 
process. Determining the stampability of the single coals and using an appropriate aggregation 
rule finally allows the calculation of the blend stampability. 
The mechanical failure of the coal cake is mainly due to cake weight (i.e. critical cake height) 
or to a local reduction of shear strength along a plane sloped according to a decreased angle of 
internal friction (cake failure by shear fracture with fracture along a sliding plane) or due to 
bending or compressive stress when tensile strength of the compact is too small (cake failure 
by cleavage fracture where the fracture plane is vertical to the tensile load). The strength test 
device is designed to determine the coal cake’s compressive/tensile strength as well as its 
shear strength, the latter even under different normal loads. Varying the applied normal load 
the yield limit of the cohesive and highly consolidated coal cake follows a linear correlation 
between shear stress and normal stress. Linking the mechanical stability with the densification 
process the compressive strength significantly increases with increasing cake density. 



Based on the developed model the energy demand for achieving a targeted density  and the 
required mechanical strength of the stamped coal cake for a given  cake height , i.e. oven 
chamber height, can now be calculated and optimized respectively. 
 
 
1. Background 
1.1 Raw Material Characterization 

The precondition for the success in producing coking coal is the knowledge of the 
coking processes and the coal and coke markets. Coke quality, in terms of size, 
strength, reactivity, ash content and chemistry, plays an important role in the smooth 
operation of any blast furnace. For an efficient blast furnace operation the coke has to 
meet special quality requirements regarding its properties as fuel for heat generation, 
as reducing agent and as support for the burden securing uniform gas flow and hot 
melting flux (Table 1). 
 
Table 1: Quality requirements on blast furnace coke 

Size 20 (25) – 80 (100) mm 
Ash < 8 % 
H2O < 3 % 
Sulphur < 0.8 % 
CSR > 60 
CRI < 25 
M 40 > 80 
M 10 < 7 

 
 Generally, coal for cokemaking is characterized by: 
 

 Chemical properties – proximate and ultimate analysis, 
 Rheological properties – determined by Gieseler plastometer, Sapozhnikov 

plastometer, etc., 
 Dilatometric properties – determined by the Audibert-Arnu or Ruhrdilatometer, 
 Agglomerating properties – caking index, cokability index G as per Simonis, Roga 

index, Gray-King coke type, crucible swelling number CSN, inert binding capaity, 
etc. 

 Petrographic properties – which determine the coal rank, i.e. reflectance of vitrinite 
(Ro) and maceral and mineral composition – all of which effectively define the 
coal grade. 

 
 Based on all these parameters it is possible to group coals for cokemaking as 

"excellent/good/fair and poor" as shown in Table 2. It has to be noted that while most 
of the parameters listed are intrinsic in any particular coal, the extent of washing and 
the amount of weathering depend on the type of processing and the duration of storage 
respectively. 

 



 
Table 2: Grouping of coking coals based on their intrinsic properties 

Properties Group I Group II Group III Group IV 
Mean reflectance [%] 1.2-1.3 1.0-1.2 0.8-1.0 0.8 
Vitrinite [%] > 60 50-60 40-50 < 40 
Max. plastic layer 
thickness [mm] 

> 23 20-22 16-20 12-16 

Max. Gieseler fluidity 
[ddpm] 

3000-1000 200-1000 200-100 < 100 

Swelling index  9-8 7-5 4-2 < 2 
Dilatation [%] 200-100 100-50 < 50 < 0 
Ash [%, wf] < 10 10-15 15-18 > 18 
Total alkalis [%, wf] <0.2 0.2-0.3 0.3-0.5 > 0.5 
Sulphur [%, wf] < 0.5 0.5-0.7 0.7-1 > 1 
Oxy-vitrinite [%] < 0.5 0.5-1 1-3 > 3 
category excellent good fair poor 

 
 The behaviour of coal and the quality of coke after carbonization are governed by the 

grades of coal charged and the operating parameters used. It shows that both coke 
quality and the behaviour of the coal charge during carbonization depend on the grade 
of coal (type and rank) and the operating parameters used for carbonization (bulk 
density and heating rate). The mechanical coke properties can be influenced by coal 
blending, by coal pre-treatment and by the coking conditions. In this connection the 
influence of an increasing bulk density of the oven charge is a very important factor 
and allows to use a large variety of blendable materials for cokemaking, as shown in 
Figure 1 (Kuyumcu 2000). 

 

 
 
Figure 1: Possible blending components in stamp charging process 

 



Several material blends have been tested within the RFCS- Research project 
“Maxicarb” (MAXICARB 2009). 
 

1.2 Advanced coke making technologies 
 For making blast furnace coke the classical multi chamber battery design is mostly 

used. It is characterised by horizontal chamber ovens, each with laterally arranged 
heating walls in the upper oven section, regenerator heat exchangers in the lower 
section and a substructure that includes waste heat ducts. 
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Figure 2: Principle of the Stamp-charge coke making process 
 

 Depending on available coal blend quality horizontal chamber ovens are operated as 
top charging or stamp charging systems. Stamp charging means coke production in 
horizontal chamber ovens, where the coal blend is previously compacted to a so-called 
"coal cake" with slightly smaller dimensions than those of the oven and charged into 
the oven from the battery ram side through the oven door (Figure 2), as is the major 
difference to the conventional top charging method (Kuyumcu 1990). 

 Advantages of this kind of densification are a high density, a good homogeneity all 
over the cake and the possibility of building the gas collecting room relatively small 
and compact. This method has been known for more than 100 years. It was originally 
used on sites where high volatile or poor coking coals are mined. Nowadays, due to 
the increasing over-sea coal trade, using such poor coking coals for producing high-
grade blast furnace coke becomes more and more attractive everywhere. 

 If no use of by-products and coal gas recovery is required or their recovery is 
combined with poor profit margins and highly skilled staff to run the classical 
complex batteries is not available, the so-called heat-recovery coke making system is 
applicable. In 1998 at the new Indiana Harbor Coke Company plant in the U.S.A. 
Jewell Thompson non-recovery ovens went into operation (Ellis and Schuett 1999). 
Further developments improved the economic benefit of the process by introducing 
the heat-recovery systems, where additionally the compacting of the coal prior to 
charging in the oven is technically and economically of higher benefits, see Figure 3. 



  
 Figure 3: Heat recovery coke oven with compacted coal charge (Schücker et al. 2006) 

 
1.3 Densification of oven charge by stamping 
 The idea of stamping is the densification of the oven charge by periodically falling 

stamp weights to obtain a formed stamp cake. The material is filled in layers into a 
formwork, whereupon each layer is repeatedly compacted by the mechanical stress 
that results from the kinetic energy released by one or more stampers. Owing to the 
fact that the compact is formed in tiers the air is allowed to continuously escape from 
the densified volume leading to a more homogenous pore structure of the compact. 
The dynamic forces, i.e. the momentum resulting from the impact, induce a wavelike 
densification thereby increasing the compact strength. Compared to other 
agglomeration processes the densification of particulate materials by stamping allows 
the formulation of large size cohesive compacts. 

 At the beginning of the densification process the particulate material yields under the 
stress applied by the stamper, thereby filling the interstitial voids of the particle system 
with smaller particles. The rearrangement of the particles is supported by the surface 
moisture which reduces the internal friction. With further strain an elastic-plastic 
deformation of the particles takes place partly resulting in particle breakage and filling 
of small pores with the fragments. While the pore volume decreases the pore 
saturation with water rises causing a damping effect. 

 Besides the influence of the capillary water on the densification process itself also the 
mechanical properties of the compact are determined by the surface water as it serves 
as a binding agent in the formation of adhesive forces, i.e. within the systematics of 
process engineering the stamp cake can be classed as a so-called wet agglomerate 
which are characterized by the adhesive forces resulting from liquid bridges within the 
capillary pore system. 
 

1.4 Objectives of the work 
 Besides a higher flexibility in the coal selection and raw material input, respectively, 

the efficiency of the stamp-charge coke making plant is mainly determined by the 
operating parameters stamping time and stamping energy for the compaction of the 
stamp cake. From the technico-economic point of view, as many oven cycles as 
possible are required in a given time. Therefore, the stamping process has to be 
optimized with respect to a minimum process time for stamping a single coal cake. To 
sum up, the following objectives are relevant to the technical stamping process: 



(i) the realisation of a certain cake density, homogeneous within the cake volume, 
in combination with a maximum mass throughput taking account of the 
carbonisation properties of the coal blend 

(ii) the guarantee of a sufficient cake strength in terms of operating safety while 
charging the coal cake to the oven and 

(iii) the achievement of short stamping time for increasing productivity. 
 
 These three objectives can be visualised together in the so called criteria space (Figure 
4). First of all, the search space is restricted by the constraints for the dependent 
 variables, cake density and strength. Subsequently, the minimisation of the stamping 
time yields the set of optimal solutions, e.g. given by the depicted envelope to the 
solution space. This set of optimal solutions, within operations research, referred to as 
the Pareto set, is characterised by the fact that an improvement in one criterion can 
only be obtained by degradation of another. 
 

 
 Figure 4: Multiple objective system for the stamping process 

 
 The stamping process for producing a cake of tall oven height with a sufficient 

mechanical strength and a constant high density can essentially be divided into two 
sub-processes: 
 Densification of the raw material to obtain a high bulk density, i.e. reduction of the 

pore volume of the particle system by applying mechanical energy. 
 Implementation of sufficient adhesive forces within the particle system using 

appropriate bonding mechanisms. 
 At the Department for Mechanical Process Engineering and Solids Processing of the 

Technical University Berlin these sub-processes and their interaction are investigated. 
The experimental and theoretical work aims at the development of an integrated 
mathematical model that allows the prediction of cake density and mechanical strength 
as a function of the coal properties and the stamping energy. 
 

2. Analysis of the coal densification behaviour 
2.1 Experimental setup and densification tests 
 For the investigation of the densification process a special micro-stamping test device 

is used, consisting of a stamping mold of 100x100 mm base and 150 mm nominal 
height in which the coal can be compacted by means of a falling stamper of approx. 40 



kg weight, compare Figure 5. Stamping energy per stamping step can be varied by 
using different heights of fall. After adjusting the particle size distribution and the 
moisture a constant amount of coal is filled into the chamber and is then successively 
compacted in up to 5 stamping steps. According to the continuous process in practice 
the same energy is applied in each individual step, i.e. the height of fall is always 
adjusted referring to the actual vertical position of the cake’s upper side. 

 For quantifying the densification process the stamper is instrumented with an 
inductive displacement transducer and a load cell. The simultaneous measurement of 
the stamper’s path and normal force acting on the stamper allows the recording of the 
variation in time. Figure 5 also shows the typical variation in time for the two 
quantities to be measured. As soon as the stamper reaches the top side of the coal a 
plastic-elastic deformation of the sample takes place. The stamper then rebounds, 
follows a parabolic trajectory and falls back onto the cake. The incident recurs with 
decreasing amplitude until the energy is dissipated. Corresponding to the rebounding 
of the stamper the load increases momentarily, finally taking the value of the 
stamper’s own weight. 

 During the stamping process the cake density and other derived quantities change, e.g. 
the cake porosity or the pore saturation index. E.g. the cake density (w.f. = water free) 
increases by approximately 50 % from the bulk density, reaching end values of 
approximately 80 % of the coal’s true density, while due to the reduction of the pore 
volume the saturation index rises by a factor of 3. The mechanical load during 
stamping also causes comminution of the material. Particle size analysis of the coal 
before and after stamping and deagglomeration revealed an increase of particles 
smaller 0.5 mm from originally 30 % up to 40 %. 

  

 

 

Figure 5: Stamping device and measured path-time and load-time curves 
 

2.2 Results and Discussion 
 From the movement of the stamper, the effective energy input by stamping can be 

determined. This is done by performing a mathematical integral calculus of the load–
path curve. 
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 Figure 6: Force and path measured for 5 stamping steps 
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Instead of using the theoretical value of the potential energy connected with the 
vertical position of the stamper, the energy effectively inserted into the coal is 
precisely determined. Between the cake density and the cumulative mass-specific 
stamping energy accumulated during the stamping steps, a functional relationship is 
apparent (Figure 7, coal sample E as shown in the Table 3). 
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 Figure 7: Cake density as function of specific stamping energy (coal E, d’: RRSB fineness parameter) 

 
The correlation can be mathematically described by means of the following 
compacting equation (Kuyumcu and Rosenkranz 2006). Hence, for the cake density 
(wf: water free) holds 
 

K

c E
E

1

0
0 





          (2) 

 
 where c is the cake density (wf) (kg/m3), 0 is the initial bulk density (wf) (kg/m3), E 

is the specific stamping energy (J/kg dry coal), E0 is the specific stamping energy for 
0 (J/kg dry coal) and K is the so-called stampability. Starting from the densification 
state at the beginning of the stamping process (index ‘0’), which corresponds to the 



adjusted initial density 0, having a specific energy E0, the coal is increasingly 
compacted by the energy introduced with each stamping step. The theoretical limiting 
value of the densification is the true density of the coal. The specific energy E0 is 
determined by the flow properties of the uncompacted wet coal and is therefore 
dependent on those parameters that influence the internal friction, e.g. the number of 
particle contacts per unit of area, the particle size distribution and the pore saturation. 

 The stampability K is a dimensionless model parameter describing the slope of the 
compacting curve, which can be interpreted as the coal bulk’s resistance towards 
compacting. It is calculated from the measured data and the modelling approach 
according to Eq. (2) by means of the least squares method. The stampability depends 
on a variety of material and granulometric properties.  
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 Figure 8: Stampability dependencies 
 

K varies with e.g. 
 coal type and blend composition (as the stamping process should also depend on 

the mechanical properties of the coals used) 
 ash content or mineral content, respectively 
 particle shape, particle size (as fine particles add to the densification by filling 

small pores) 
 coal surface moisture (as moisture has an influence on the densification process by 

reducing internal friction and by affecting the dampening characteristics). This 
effect can be further improved by using suitable additives. 

 
 In stamp charging, the water is used as a binder to give the coal cake the necessary 

mechanical strength, while with respect to the coking process, the coal moisture 
degrades the thermal balance during the carbonization process. Therefore, the 
determination of the optimum water content with respect to cake stability is necessary. 
In the investigated range of 6–14% moisture, the tests with one coal at otherwise 
constant test conditions showed a maximum increase in cake density at approximately 
10% corresponding to the best value of the stampability K, due to the contrary effects 
of increasing pore saturation (see Figure 9). On the one hand, the particle mobility is 
facilitated which is necessary for the rearrangement of particles during densification. 
On the other hand, high amounts of interstitial water absorb the impact of the stamper 
and also prevent particle breakage that contributes to a dense packing of the bulk. For 
water contents higher than 14%, the stamping energy is mostly used to press out the 
water. 

 
 



Table 3: Properties of investigated coals 

Coal Ash content  
[% wf] 

Volatile 
matter  
[% waf] 

Hardgrove 
Grindability 
 [°HGI] 

A 6.82 37.2 50.41 
B 6.79 35.2 56.95 
C 9.45 30.7 71.69 
D 8.92 26.0 87.31 
E  10.15 19.7 95.39 
F 10.09 23.0 97.27 
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Figure 9: Effect of surface moisture on stampability (coal E) 

 
 The effect of coal type on the stampability has been investigated in tests using six 

different ranked coals with a range of solid density, ash and volatile matter content, 
compare Table 3. Figure 10 shows the experimentally determined values for the 
stampability K against the fineness parameter d’ of the RRSB distribution function for 
different coals indicated by their volatile matter content. Coal particle strength is 
dependent on the coal particle size, as smaller particles have a greater rigidity due to a 
smaller probability of imperfections of the grain lattice. The assumption of coarse 
particles being less stronger than the fines is confirmed by a decreasing stampability. 
The stampability also decreases with decreasing volatile matter content. As the 
mechanical strength decreases with increasing rank of the coal, i.e. decreasing volatile 
matter content, particle breakage is further facilitated. 
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 Figure 10: Effect of coal particle size distribution and coal type on stampability 



 From the observed proportionalities between the stampability K and the parameters 
moisture w, particle size distribution (described by the two RRSB parameters fineness 
d’ and broadness n) and the coal type (described by volatile matter content VM or 
Hardgrove grindability index HGI , respectively) the following empirical model for K 
has been formulated (Abel et al. 2009a): 
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 as it can be empirically specified for most of the hard coals, with VM from 10% to 
38%. 
 

3 Analysis of the coal cake stability 
3.1 Experimental setup and strength tests 
 For the investigation of the mechanical strength properties of the stamped coal cakes, a 

specific strength tester has been developed, combining the possibilities of 
investigating compressive/tensile strength as well as shear strength. Figure 11 shows 
the setup of the test device in the shear test position for conducting shear strength tests 
under varying normal loads. The shear cell is adapted to the particular geometry of the 
coal cakes produced in the micro stamping device. 
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 Figure 11: Strength test device for stamped coal cakes 
 

 The measuring equipment comprises a bidirectional load cell with a maximum load of 
5 kN and an inductive displacement transducer (having a working range 0–5 mm) to 
continuously record the position and load acting on the shear cell (Abel et al. 2009b). 
From the measurement results, the shear force–time curves can be developed. Figure 
12 shows the results for a cake made out of one single coal with moisture of 10%. In 
the first section of the shear test, the shape of the curve is nearly linear. In section II 



the gradient of the shear force is decreasing until the maximum shear force of 
approximately 260 N is reached. At this point, the coal cake is divided into two pieces. 
Due to the friction caused by the roughness in the shearing plane, the measured shear 
force does not drop immediately to zero but declines steadily until the measurement is 
stopped (section III). 
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 Figure 12: Measured shear force curve 

 
3.2 Results and Discussion 
 Figure 13 shows the yield limits for one single coal (compacted in 3, 4 and 5 stamping 

steps respectively) under varying normal loads as determined by several shear test. As 
expected from theoretical considerations, the yield limit builds a straight line shifted 
from the origin of the ordinates by the cake’s cohesion which indicates the shear 
strength of the cake when there is zero normal stress applied. I.e. the shear strength of 
the stamped cake can be described by the so-called Mohr–Coulomb yield limit as used 
in soil mechanics for the load case of a highly consolidated, cohesive soil. 
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 Figure 13: Strength and yield limits of stamped coal cakes 
 
 With an increasing number of stamping steps, i.e. by increasing the stamping energy, 

the strength also increases, recognizable from the shift of the yield limit to generally 
higher values. Cohesion, the shear strength at zero normal load, increases as well as 
the tensile strength, which can be read from the intersection of the yield limit with the 
axis of abscissas (compressive strength by definition takes positive values). As it can 
be seen from the similar slopes of the yield limits the angle of internal friction does not 
vary much with the number of stamping steps. 



 As the necessary cake density is determined by the requirements of the coking process, 
the development of mechanical strength in turn depends on the densification process. 
The knowledge of the yield limit as a function of the achieved cake density is the basis 
for assessing the risk of mechanical failure. Figure 14 shows the development of 
cohesion with increasing stamping energy and densification for coal F. Besides the 
values for the stamped cakes also the cohesion of the non-compacted bulk material is 
shown, as received from a shear test with a Schulze ring shear tester. 
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 Figure 14: Shear strength as a function of specific stamping energy 
 
 The mechanical strength significantly increases with increasing cake density, as one 

parameter besides others that affect the strength, as number of particle contacts, 
moisture, etc. To develop a quantitative criterion for preventing mechanical failure of 
the cake, the strength parameters have to be transferred to the industrial scale and then 
compared with the mechanical loads acting on the full-size coal cake, thereby taking 
statical and dynamical loads into account. 
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 Figure 15: Development of the stability criterion for a coal cake with the required height 

 
Based on the tests on the densification behaviour and cake strength for a given coal, 
the stability criterion of a coal cake with the required height hc can be defined as 
follows: 
 In plotting the test results showing the linear correlation between measured shear 
stress versus normal stress and in applying the Mohr-Coulomb Breakage Hypothesis 



with the friction angle i, the compressive strength of the cake cc can be derived from 
the designed Mohr's circle of stress (see Figure 15). 
 

i tan0max           (5) 

 
The normal stress of the cake given by its own weight should be lower than the 
maximum compressive strength of the cake. 
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The stability criterion of the cake results in: 
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4 Conclusions and Outlook 
 The paper at hand presents selected results from micro-stamping tests. Describing cake 

density in terms of coal properties for a given coal and measured stamping energy 
input then leads to a compacting equation with the so-called stampability as the 
integral model parameter. Investigations carried out to analyze the effects of different 
coal and process parameters provide evidence of a significant influence of coal type, 
coal surface moisture, coal granulometric and mechanical properties on the 
densification process. Determining the stampability of the single coals and using an 
appropriate aggregation rule finally allows the calculation of the blend stampability. 

 As mechanical failure of the coal cake is mainly due to a local reduction of shear 
strength along a plane sloped according to a decreased angle of internal friction (cake 
failure by shear fracture with fracture along a sliding plane) or due to bending or 
compressive stress when tensile strength of the compact is too small (cake failure by 
cleavage fracture where the fracture plane is vertical to the tensile load), the strength 
test device is designed to determine the coal cake’s compressive/tensile strength as 
well as its shear strength, the latter even under different normal loads. Varying the 
applied normal load the yield limit of the cohesive and highly consolidated coal cake 



follows a linear correlation between shear stress and normal stress. Linking the 
mechanical stability with the densification process the mechanical strength 
significantly increases with increasing cake density. Based on the test results the 
stability criterion for a given cake height can be calculated. 
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