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1. General Introduction  

Processes such as Liquid Composite Molding 

(LCM) are increasingly used to manufacture 

structural composites. Especially when it comes to 

thick parts of variable thickness, LCM processes 

may well be the only way to go. The preforming 

stage consists of compressing the fibrous 

reinforcement until the targeted fiber volume 

fraction is reached. The compaction force necessary 

to obtain a given fiber volume fraction depends not 

only on the architecture of the fibrous reinforcement, 

but also on processing parameters such as for 

example the compaction speed and  lubrication [1].  

Compaction of the fibrous reinforcement before 

resin injection plays a key role on the quality of the 

final composite. For these reasons, it is important to 

understand how the architecture of the fiber bed and 

the processing parameters affect the compaction 

behavior.  Numerous experimental and theoretical 

investigations have studied stacks of two-

dimensional fibrous laminates, for which a random 

phenomenon called nesting plays  a significant role 

[2]. However, few researchers have studied the 

compaction of three-dimensional fabrics.  

The goals of this investigation are to understand the 

influence of the woven architecture on the dry 

compaction and relaxation of 3D interlock fabrics 

and model the observed behavior. Firstly, 

compaction tests were carried out on single tows and 

on fibrous reinforcements. In parallel, composite 

parts were fabricated to perform a microscopic 

analysis of the fabrics deformation after 

compression at a given fiber volume fraction. 

Combining both experimental data, it appears that 

two main phenomena govern the compaction of 

fibrous reinforcements. The first one called tow 

flattening takes place at the level of the filaments 

contained in the fiber tows, which are squeezed and 

change shape under the effect of the compression 

force. The second phenomenon is tow bending 

which occurs at the level of the fabric structure.  

Since there is no nesting in three-dimensional woven 

fabrics, the compaction behavior turns out to be 

easier to model than in stacks of laminates. A model 

based on experimental observations was devised to 

connect the compaction behavior with the 

deformations of the fabric resulting from tow 

flattening and bending. Finally, it turns out that the 

end-of-relaxation force can also be determined as a 

result of the compaction model.  

2. Description of experiments 

2.1. Fabric specifications  

Three three-dimensional interlock fabrics of areal 

density 11770 g/m² (fabric 1), 14 564 g/m² (fabric 2) 

and 11686 g/m² (fabric 3) were selected to highlight 

the influence of weaving parameters on the 

compaction behavior. These fabrics have the same 

weaving pattern, the same number of interlock plies 

(8 layers) and the same kind of carbon fibers. Each 

of the 8 plies is composed of intersecting warp and 

weft tows that are superposed through the thickness 

of the fabric. 

The only different weaving parameter between 

Fabric 1 and Fabric 2 is the warp/weft ratio. This 

means that the overall distribution of fibers is 

different. For example, a ratio of 60C/40T means 

that 60% of the mass is distributed along the warp 

and 40% along the weft. However, these fabrics are 

composed of the same kind of tows, i.e., with the 

same number of filaments per tow and have the 

same warp tow count by ply (number of tows in the 

warp direction by centimeter). Thus, as shown in 
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Tab. 1, the difference in directional fiber volume 

fraction is achieved by increasing or decreasing the 

number of tows in the weft direction (i.e., changing 

the weft tow count from the maximal tow count  
    ). This parameter as well as the warp tow count 

are weaving structural parameters characteristic of a 

given family of interlock fabrics. Tab. 1 below 

specifies the relationships between the tow counts 

for the fabrics considered. 

On the other hand, the only difference between 

Fabric 1 and Fabric 3 is the number of filaments of 

the fiber tows in the weft direction. Fabric 3 has weft 

tows composed of 72 000 fibers instead of 48 000 

for Fabric 1. The identical warp/weft ratio and the 

same warp tow count means that the distance 

between the heavier weft tows of Fabric 3 is larger 

than in Fabric 1. Hence, as displayed in Tab. 1, the 

weft tow count in Fabric 3 is lower than in Fabric 1. 

2.2. Compaction tests 

Two series of compaction tests were carried out: 

firstly to compress a single tow, and then to compact 

the whole fabric. Both tests have been carried out on 

dry samples with a standard tension-compression 

machine. 

In the first tests, single tows of 48K and 72K were 

compressed between two parallel platens at 

predetermined forces. For each level of force, the 

width and thickness of the tows are measured, and 

then a relationship can be derived between the 

compaction force and the deformation of the tow. 

In the second series of tests, fabric samples of 

100*100 mm² were compacted between two platens 

with displacement control until a fiber volume 

fraction of 58% was reached. Then, the thickness is 

maintained during 10 minutes to allow a relaxation 

of the reinforcement. In order to eliminate at this 

stage the influence of processing parameters, the 

experiments for the three fabrics were carried out 

without lubrication and at the same compaction 

speed.  These tests provide the maximum and end-

of-relaxation forces.  

In order to understand how the tows are deformed 

during the compaction tests, fabric samples will be 

locked by injection of a polymeric resin after 

compaction. Then, by cutting the samples along the 

warp and the weft, it will be possible to analyze the 

deformation of the fabric. 

 

2.3. Fabrication setup 

For each reinforcement, samples of 100*100 mm² 

were injected in a rigid mold at constant pressure 

with the vinylester resin Derakane 411-350 from 

Ashland Inc. The thickness was controlled by 

calibrated shims set in the mold to get the same fiber 

volume fraction as in the compaction tests. In order 

to reduce the quantity of voids in the final parts, 

resin was left bleeding during a few minutes [3, 4], 

after which a consolidation pressure of 3 bars is 

applied in the mold [5]. After demolding, the 

injected parts were cut into thin lamellas following a 

tow along the warp and weft directions. The cut-out 

surfaces were polished and analyzed with a digital 

microscope in order to evaluate the dimensions of 

the tow cross-section (thickness, width, tow crimp, 

tow fiber volume fraction). 

3. Analysis of compaction behavior 

3.1. Compaction experiments 

The compression forces recorded during the 

compaction tests are plotted in Fig. 1. The analysis 

of the behaviors observed is detailed following the 

changing weaving parameters.  

Influence of the warp/weft ratio 

We note that the compression and relaxation 

responses of Fabric 1 and Fabric 2 are identical 

although their warp/weft ratios are different. Since 

Fabric 1 has a lower areal density than Fabric 2, the 

thickness achieved for each reinforcement must be 

different in order to reach the same fiber volume 

fraction of 58%. Thus Fabric 2 should be less 

compacted than Fabric 1, i.e., a lower compaction 

force should be obtained for this fabric. However, 

the results of Fig. 1 show that this is not the case. 

This issue will be resolved in the sequel after a 

detailed analysis of the deformed fabric architecture. 

Influence of the size of the fiber tows 

Let us examine now the influence of the number of 

fibers per tow. It appears that the force necessary to 

achieve 58% of fiber volume fraction is more than 

two times larger for Fabric 3 than for Fabric 1. The 

end-of-relaxation force is also much higher for this 

reinforcement. However, areal densities are almost 

identical for these two fabrics. This means that 

nearly the same thickness should be reached during 
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compaction. To understand this difference, a first 

analysis can be done. 

The three-dimensional weaving pattern prevents any 

lateral displacement of the plies during compaction. 

This means that no nesting can occur. In this study, 

the fabrics are composed of 8 interlock layers of 

superposed warp and weft tows. Hence, the columns 

of tows remain aligned even if the fabrics are highly 

compressed. As observed by Comas-Cardona et al. 

[6], the compaction force on a woven sample is 

applied at the intersections between the warp and 

weft tows. Thus, in this case, each intersection is 

composed of superposed tows through the thickness 

(8 warp and 8 weft tows). In Fabric 1, all the 

crossing tows contain 48K fibers, whereas in Fabric 

3, 8 warp 48K tows intersect 8 weft 72K tows. 

Therefore, since the final thickness is nearly 

identical for both reinforcements, it seems natural 

that the Fabric 3, which contains the higher number 

of fibers in the intersecting tows, should be more 

difficult to compress than the two other fabrics. This 

is indeed the case as shown in Fig. 1. 

3.2. Analysis of the deformed architectures 

Fig. 2 and 3 show respectively the tow thicknesses 

and widths measured from the fabricated lamellas in 

the warp and weft directions. These results allow 

refining the previous observations. The influence of 

the warp/weft ratio on fabric deformation will first 

be discussed, and then the role played by the number 

of fibers per tow will be investigated.  

Influence of the warp/weft ratio 

It appears that the tows in the warp direction are 

thicker in Fabric 2 than in Fabric 1. However, with 

respect to the standard deviation, this difference can 

be neglected. We note also that the measured width 

of the warp tows after compaction is identical for all 

the reinforcements considered. The tow width along 

the warp is bounded by a limit value calculated from 

the number of tows per centimeter when these tows 

come in contact with each other. The close 

correspondence of the measured widths with this 

value shows that the warp tows are sufficiently 

flattened to fill almost all the inter-tow spaces and 

come in contact with their neighbors. Actually, the 

free space between warp tows in these fabrics does 

not allow them to become flatter than the observed 

experimental values reported in Fig. 3. In addition, 

the lower tow thickness of Fabric 1 combined with 

the same width for both reinforcements indicates 

that the tow fiber volume fraction after compaction 

is slightly higher for Fabric 1 than for Fabric 2. In 

the weft direction, the tows are significantly thinner 

and larger in Fabric 1 than in Fabric 2 because these 

tows have more free space to become flatter 

(because the weft tow count is lower in Fabric 1). 

The most significant difference between the two 

fabric deformations is the flattening of the weft tows 

in Fabric 1. This phenomenon appears to play an 

important role on the compaction behavior. The 

experimental data of Fig. 2 seem to support the 

hypothesis that Fabric 2 should require a higher 

compaction force than Fabric 1. However, the 

experimental results displayed in Fig. 1 contradict 

this assertion. This means most probably that 

another phenomenon comes into play. According to 

Lomov and Verpoest [7], tow bending should also 

be taken into account in woven fabrics. This 

hypothesis will be discussed in the sequel. 

Influence of the size of the fiber tows 

The size of the fiber tow, i.e., the number of fibers 

per tow, has also an effect on fabric deformation. As 

observed in Fig. 2 and 3, warp tows are slightly 

flatter and larger in Fabric 3 than in Fabric 1. The 

compaction force is sufficiently important to 

overcome in-plane friction and merge the tows 

together in this direction. Thus, the tow width along 

the warp is slightly higher than the theoretical limit 

for Fabric 3. In the weft direction, 72K tows are 

significantly thicker and slightly larger than 48K 

tows in Fabric 1.  

In the previous discussion on the influence of the 

warp/weft ratio, tow flattening appeared to 

contribute significantly to the observed results. 

However, it was not possible to connect directly the 

dimensions of the tow with the compaction 

behavior. The same conclusion can be drawn for 

Fabric 3: warp tows are highly compressed, whereas 

weft tows have sufficient free space to become 

flatter for larger compaction forces. This means that 

another phenomenon probably plays a role here. Let 

us assume that it is tow bending. 

In order to assess the influence of tow bending on 

compaction, the tow crimp was also evaluated in the 

samples. For example in Fig. 4, the warp tows in 

Fabric 1 are perfectly arranged as defined in the 

initial weaving pattern, whereas the warp tows in 
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Fabric 3 are bent where they intersect with the weft 

tows. 

The through-thickness compaction of the tow 

columns at these intersections is too important to 

allow the warp tows to slip in the plane during 

preforming. Due to this non-slipping condition, warp 

tows act as multiple imbedded beams in bending. 

Hence, tow bending could possibly explain some of 

the differences observed in compaction results. Our 

goal will then be to set up a model combining tow 

flattening and bending. 

According to the previous observations, it will be 

assumed that the total force required to compress a 

three-dimensional fabric can be decomposed in two 

contributions, one from tow flattening, and the other 

from tow bending. 

4. Contribution of tow flattening 

The flattening of the tow can be evaluated by finding 

the relationship between the compaction behavior of 

a single tow and the tow arrangement in a fabric. 

Results obtained in the previous section permit to do 

a first comparison between the tow dimensions when 

packed in a fabric and a single tow. This comparison 

highlights important limitations of the single tow 

compaction setup. Indeed, idealized conditions such 

as the parallelism of the platens and no in-plane 

constraint (i.e., no neighbors) allow the single tow to 

be highly flattened during the test. Thus, the tow 

dimensions obtained by this test cannot be directly 

compared with values measured in a fabric. The only 

way to connect these two approaches is to use the 

tow fiber volume fraction. In fact, even if tows 

dimensions are not directly comparable, an identical 

quantity of fibers in an equal volume must behave in 

the same way. 

The tow fiber volume fraction can be evaluated from 

it cross-section dimensions dividing the area 

occupied by the fibers (i.e. the number of fiber by 

tow multiplied by the fiber cross-section area) by the 

total tow cross-section area. Since the fiber 

dimensions are known, only the tow cross-sectional 

areas have to be determined in each case. When the 

tow is compressed in a fabric, the areas can be 

evaluated by analyzing the images of the tow cross-

sections with the microscope software. In the case of 

a single tow, only the thickness and width are 

available. Therefore it is necessary to assume a 

shape of the tow section in order to evaluate the 

area. Elliptical [8], rectangular [9] or lenticular [10] 

shapes are commonly used. There are other possible 

shapes, but they do not provide significant 

improvements. In our case, elliptical, rectangular 

and cusped [11] shapes seem the most appropriated. 

Fig. 5 shows a tow cross-section (in red) in Fabric 1 

with the corresponding model shape: the ellipse, 

rectangle and cusped shapes are respectively 

represented by a dashed line (blue), a dotted line 

(orange) and a plain line (green). 

In order to select the best option, the different shapes 

were compared with real tows obtained from the 

microscopic analysis. Based on the measured areas 

and thicknesses, the widths of each shape were 

compared to the effective values. It appears that the 

cusped shape provides the best fit for the tows. In 

fact, the widths of the rectangular and elliptical 

shapes are respectively 15% shorter and 9% larger 

than the measured widths. The cusped shape exhibits 

a difference of only 3%. This shape seems to 

provide also the best visual representation of the tow 

cross-section. Finally, it is possible to derive a 

constitutive relationship between the compressive 

force and the fiber volume fraction of a single tow. 

Assuming that the compaction behavior of a single 

tow and a tow in a fabric is similar, this relation 

permits to calculate the force required to achieve a 

determined fiber volume fraction for tows in a 

fabric. In Fig. 6 is illustrated the compaction 

behavior of a 48K fiber tow in function of it fiber 

volume fraction. 

From the previous assertion, the compaction force 

      required for tow flattening in a dry sample can 

be evaluated as follows: 

 

      
  

  
(                 )   (1) 

 

where    is the effective fabric tow count per 

centimeter divided by the maximal theoretical tow 

count possible in each direction, parameters     and 

    represent respectively the percentages in mass 

of fibers in the warp and weft directions, The terms 

     and      are the forces necessary to flatten a 

single tow at a desired fiber volume fraction in the 

warp and weft directions. Parameter    is the ratio 

between the total length of flattened tows in the 

fabric samples and the length of the tows used 

during the single tow compaction experiments. The 

flattened length is different from the total tow length 
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because tows are not compressed everywhere in 

fabric compaction tests (on the contrary to single 

tow compression). 

Parameters   ,     and     are weaving parameters. 

The force contribution      and      are evaluated 

from the average fiber volume fractions of tows in a 

fabric in each direction using the constitutive 

relationship of Fig. 6 between the compaction force 

and the fiber volume fraction of a single tow. These 

tow fiber volume fractions were determined from 

experiments in this investigation (tow cross-

sectional area measured with the digital 

microscope). However, with a textile engineering 

software like WiseTex [12] for example, it is 

possible to evaluate these values from geometrical 

considerations only. Parameter    cannot be 

determined easily because the total length of 

flattened tows in a fabric sample is difficult to 

evaluate. However, as it is a constant for this kind of 

3D interlock fabrics, it can be determined once with 

experimental data. 

5. Contribution of tow bending 

Tow bending in fabrics has been widely studied by 

the textile community. Van Wyk [13] was the first to 

assume that the transverse elastic behavior of a 

bundle of randomly distributed fibers is controlled 

by a fiber bending phenomenon. However, this 

model doesn’t take into account the slipping or the 

friction between fibers, their stretching or shifting. 

Several improvements and observations have been 

made on the work of Van Wyk. Hearle [14] made an 

important contribution analyzing the extension of 

continuous twisted yarns. De Jong et al. [15] 

modifies this model to determine the compaction 

behavior of a knit fabric. Other researchers like 

Curiskis and Carnaby [16] apply continuum 

mechanics to determine the deformation of a fiber 

tow. They proposed a three-dimensional model for 

untwisted and aligned fibers. 

These models were created for materials such as 

wool or cotton, which are used at much lower fiber 

volume fractions and with different types of weaving 

patterns. In 1986, Gutowski [17, 18] proposed a 

model especially devised for composites. In these 

articles, the transverse compression force of aligned 

fiber tows is represented by a simple elastic 

deformation model: 

 

    
       

 
 
√
  

  
  

(√
  
  
  )

     (2) 

 

where     denotes the force necessary to compress a 

tow,   ,    and    correspond respectively to the 

initial, maximal and effective fiber volume fractions, 

  is the fiber elastic modulus,   is the compressed 

surface of the tow and   denotes the tow crimps 

defined by equation (3) as: 

 

  
 

 
      (3) 

 

where   is the length of a tow unit cell and   is the 

amplitude of the tow crimp. As mentioned 

previously, values of tow crimp were determined 

through measurements on microscopic images in 

this study.   

Finally, the compaction force       necessary to 

obtain the defined fiber volume fraction can be 

evaluated as follows: 

 

      
  

  
(
   

   
  

   

   
 )   (4) 

 

where     and     represent the tow crimps in 

each direction, and constant    the flexion force 

necessary to bend a single tow from     to  

      in equation 2. 

6. Compaction model 

As explained above, the compaction model proposed 

here is a combination of tow flattening and bending. 

The total force    required to compact a dry three-

dimensional interlock fabric is obtained by summing 

the two previous terms: 

   
  

  
(                 )  

  

  
(
   

   
  

   

   
 )   (5) 

 

The constants    and    are two independent 

characteristic parameters of the fibrous 

reinforcement. Their values are determined by 

optimizing the scatter between experimental and 

calculated data through the solution of a system of 5 

equations with 2 unknowns (   and   ). Applying 

this model in our case, it is possible now to compare 

in Fig. 7 experimental and calculated maximal 

compaction forces for each fabric. The calculated 
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compaction force is divided in two parts: the darker 

grey corresponds to the tow flattening force and the 

lighter grey designates the bending force. A good 

correlation is observed between experience and the 

model for each reinforcement.  This confirms that 

the behavior of this kind of three-dimensional fabric 

can be modeled by a combination of tow flattening 

and bending. 

7. Relaxation model 

It is possible also to evaluate the end-of-relaxation 

force     by combining the contributions of the 

flattening (     ) and bending (     ) compaction 

forces of Fig. 7. The total end-of-relaxation force     
can be written as follows: 

 

    (    )        (    )        (6) 

 

where    and    represent the percentage of 

relaxation of the flattening and the bending forces 

respectively. These constants are characteristic of 

the relaxation of the 3D fabrics used in this study 

and independent of their weaving parameters. As for 

the compaction model,    and    are determined by 

finding the smallest scatter between experimental 

and calculated values of    . 
The flattening of the tow was found to be relaxed at 

49% while their bending seems to be reduced of 

55%. Each of these phenomena comes from two 

distinct types of friction: friction between parallel 

fibers in fiber tows (flattening) and friction between 

perpendicular fibers between fiber tows (bending). It 

means that the frictions forces between fibers in 

tows and between the tows participate almost 

identically to the global relaxation. However, this 

affirmation is valid only at the fiber volume fraction 

considered. A different Vf means another rate of 

relaxation, i.e., a different participation of each 

phenomenon in the global relaxation of the fibrous 

reinforcement. 
The calculated and experimental end-of-relaxation 

forces are compared in Fig. 8. An excellent 

correlation is obtained when the contributions of 

flattening and bending are taken into account. This 

confirms once more that the proposed compaction 

model represents correctly the phenomena governing 

the compaction behavior of the 3D interlock fabrics. 

 

8. Conclusion 

The compaction and relaxation of three different 

three-dimensional interlock fabrics were 

investigated. Tow flattening and bending were 

identified as the two main phenomena that govern 

the compression behavior. A compaction model 

based on this assumption was created after a detailed 

analysis of the fabric deformations by summing up 

the contributions of tow flattening and bending to 

derive the compression force required to reach a 

given fiber volume fraction. The model was found to 

predict correctly experimental data while taking into 

account the woven architecture of the fibrous 

reinforcement. As a result of this model, it was 

possible also to predict the end-of-relaxation forces 

after compaction. 

The excellent correlation obtained with experiments 

reinforces the confidence on the hypotheses used to 

construct the model. This investigation provides a 

better understanding of the compaction behavior of 

three-dimensional interlock woven fabrics. Although 

the results presented here are valid only for the 

fabrics considered, the model can be generalized for 

any kind of three-dimensional reinforcement. 

Analysing the influence of another weaving 

parameter on the compaction behavior would permit 

to refine it. It is also possible to add the influence of 

the nesting in order to predict the compaction 

behavior of 2D laminates. The good understanding 

of the compaction behavior of various fabrics will 

further improve the fabrication of high performance 

composites.   
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warp 

 Tab. 1 - Details of fabric weaving parameters 

 1 2 3 

Areal density 

(    ) 
11770 14564 11686 

warp/weft ratio 60C/40T 50C/50T 60C/40T 

Number of 
fibers/tow 

48K/48K 48K/48K 48K/72K 

Warp tow count 
(tows/cm/ply) 

               

Weft tow count 
(tows/cm/ply) 

 

 
          

 

 
     

 

 

 
Fig. 1 – Dry compaction behavior of the three 

fabrics to reach Vf  = 58%. 

 

 

 
Fig. 2 – Tow thicknesses for each fabric in the warp 

and weft directions at Vf = 58%. 
 

 
Fig. 3 – Tow widths for each fabric in the warp and 

weft directions at Vf = 58%. 

 

 

  
(a) (b) 

Fig. 4 – Tow flexion in the warp direction 

at Vf = 58%: (a) Fabric 1 and (b) Fabric 3. 

 

 

 

Fig. 5 – Comparison between a tow and 3 possible 

models: in blue (dashed line) an ellipse; in 

orange (dotted line) a rectangle and in green 

(plain line) the cusped shape. 
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Fig. 6 – Evolution of the compressive force as a 

function of fiber volume fraction for a 48K 

tow. 

 

 

 
Fig. 7 – Comparison between experimental (blue) 

and calculated (green) compaction forces  

necessaries to reach Vf  = 58%. 

 

 

 

 
Fig. 8 – Comparison between experimental (blue) 

and calculated (green) end-of-relaxation 

forces obtained at Vf  = 58%. 
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