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Abstract 

Hessian fibre-reinforced gypsum, known as fibrous plaster, is a common material used for 

the manufacture of decorative features, including ceilings and walls in historic buildings, such as 

theatres and ballrooms, since the mid 19th century. It is still fabricated with modern materials for 

the decoration of new buildings in the UK, the Middle East and elsewhere. Following several 

recent failures of historic fibrous plaster ceilings in England, there is an urgent need to 

understand how these materials perform. There is no previous scientific investigation into the 

physical and mechanical properties of this material. As an initial experimental study, the 

microstructure of low and high density gypsum plaster were evaluated together with traditional 

hessian fabrics and modern glass fabrics, which are supplementing or replacing hessian fabrics. 

The chemical and physical characteristics were evaluated by X-ray diffraction, mercury intrusion 

porosimetry and dynamic vapour sorption. For the hessian, fibre density was measured and 

single filament strength measured to ascertain the effect of long-term ageing in new and historic 

material. Flexural tests were performed on gypsum plaster reinforced with different configurations 

of hessian and glass fabric reinforcements. Single filaments from historic hessian were weaker 

than filaments from new hessian and the larger scatter in strength was demonstrated using a 
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Weibull distribution function. High density gypsum absorbed less moisture (0.2%) than low 

density gypsum (1%), as expected, but the jute fibres in the hessian absorbed more than 20% of 

the moisture. High density gypsum was considerably stronger than low density material, and 

random glass mats as reinforcement resulted in the highest flexural strengths and ability to yield 

to higher strains, due to enhanced interfacial bonding. This work will have high impact by 

providing a much needed basis for understanding the long-term degradation of fibrous plaster 

systems. 
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1. Introduction 1 

Ornamental plasterwork is a common feature of historic buildings, in the form of ceilings, 2 

cornices and mouldings. Until the 19th century, it was made of lime mortar and hair, or plaster of 3 

Paris (gypsum). The search for cheaper ornamentation led to the development of fibrous 4 

plaster, a natural fibre composite material composed of gypsum plaster as the matrix and 5 

reinforced with hessian scrim and timber.  This method was first introduced in the UK by the 6 

Frenchman Leonard Alexander Desachy, which he successfully patented in 1856 [1].  By the 7 

early 20th century, fibrous plaster had  become ubiquitous in higher status buildings [2] as an 8 

economical and efficient alternative to traditional lime plaster. In addition to being relatively light-9 

weight, it could be fabricated off-site, during construction of the building.  Figure 1 shows a few 10 

examples of decorative fibrous plasterwork which can be seen in buildings across the UK. 11 

 

 12 

There have undoubtedly been ocassional failures of fibrous plaster ceilings from time-to-13 

time, as with ceilings of lime plaster and timber lath. However, from 2013 there were several 14 

Figure 1: Decorative fibrous plaster ceiling in buildings across the UK. (a) Durbar Room, Osborne 
House, Isle of Wight, 1891 (b) Former Daily Express Building, London, 1932 (c) Wyndham’s 

Theatre, London, 1899 (All images © Historic England Archive) 

(a) (b) 

(c) 
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major collapses involving fibrous plaster ceilings in public buildings, raising  concerns for their 15 

structural integrity [3]. The most serious incident was at the Apollo Theatre, London, in 2013, 16 

where a large part of the ceiling of the 112 year-old building collapsed during a performance. 17 

This resulted in the injury of 88 members of the audience.  A few more examples of similar 18 

incidents occurred at the Empress Ballroom, Blackpool in September, 2017 [4] and the Savoy 19 

Hotel, London in March, 2019 [5], in which the collapse was attributed to several factors ranging 20 

from failure of wads without wire, natural ageing or bio-deterioration of hessian reinforcement to 21 

overloading of the ceiling with various infrastructures.  These incidents have prompted the 22 

theatre industry, the Health & Safety Executive and other bodies to raise standards in ceiling 23 

inspection. This also led Historic England (the government agency responsible for the historic 24 

built environment in England), to initiate a wide-ranging investigation into fibrous plasterwork, in 25 

order to better understand the history, deterioration, assessment and repair of the material [1]. 26 

Historic fibrous plaster had been completely neglected in scientific research, unlike other 27 

materials such as the deterioration of stone masonry. These investigations are the first in a 28 

series to characterise this composite material.  29 

Traditional materials in the fabrication of fibrous plaster panels include Plaster of Paris 30 

(deriving its name from initial imports of the material into England from quarries near Paris in the 31 

Middle Ages) also known as casting plaster and hessian scrim as the reinforcement, both within 32 

a timber framework.   33 

The main constituent in Plaster of Paris is calcium sulphate hemihydrate (𝐶𝑎𝑆𝑂4. 0.5𝐻2𝑂).  34 

Generally, gypsum plaster consists of three different phases of chemicals namely calcium 35 

sulphate dihydrate (𝐶𝑎𝑆𝑂4. 2𝐻2𝑂), calcium sulphate hemihydrate (𝐶𝑎𝑆𝑂4. 0.5𝐻2𝑂) and calcium 36 

sulphate anhydrite (𝐶𝑎𝑆𝑂4), in which the ratio of these chemicals determines the chemical, 37 

physical and mechanical properties of the resulting gypsum plaster [6]. For clarification, gypsum 38 

is the name of the raw material while gypsum plaster refers to the processed and hydrated 39 

gypsum powder [6]. 40 

Calcium sulphate hemihydrate (CSH) normally exists in two forms, depending on the 41 

calcining method used during the production stage. Calcining is a process of chemical change 42 

through heating where raw gypsum, calcium sulphate dihydrate (𝐶𝑎𝑆𝑂4. 2𝐻2𝑂) is converted to 43 

CSH (𝐶𝑎𝑆𝑂4. 0.5𝐻2𝑂) by removing 1.5 water molecules.  Traditional calcination involved heating 44 

gypsum in a kiln, resulting in beta plaster (-CSH); nowadays it is produced via a dry calcining 45 
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method utilising a rotary kiln at atmospheric pressure and temperature between 120 and 180°C 46 

[7], which results in fragmentary gypsum crystals [6].  The modern variation, produced since the 47 

1930’s, makes alpha plaster (-CSH) by wet calcining in a high pressurised steam autoclave at 48 

a temperature between 80°C and 150°C [7]. This creates a compact and even crystalline 49 

gypsum structure [6].  50 

Calcined gypsum (both - and -CSH) can be reverted to original dihydrate gypsum 51 

through hydration.  Hydration of CSH is a highly exothermic reaction, which occurs rapidly after 52 

mixing with water. The chemical reactions for both calcination and hydration processes are 53 

described in Equation 1 and Equation 2 respectively [7].  As shown in these equations, calcium 54 

sulphate dihydrate is both the starting material before calcining as well as the final product after 55 

hydration. Both - and -CSH differ in their reactivity with water and in the strength of the 56 

hydration products [8]. For instance, -CSH requires more water and sets more rapidly, 57 

therefore is lower in strength when compared to -CSH.  58 

Calcination Process: 
 

𝐶𝑎𝑆𝑂4. 2𝐻2𝑂 + 𝐻𝑒𝑎𝑡 →  𝐶𝑎𝑆𝑂4. 0.5𝐻2𝑂 +  
3

2
𝐻2𝑂   

Equation 1 

𝐶𝑎𝑆𝑂4. 2𝐻2𝑂 + 𝐻𝑒𝑎𝑡 →  𝐶𝑎𝑆𝑂4 +  2𝐻2𝑂 

Hydration Process:  
 

𝐶𝑎𝑆𝑂4. 0.5𝐻2𝑂 +
3

2
𝐻2𝑂 →  𝐶𝑎𝑆𝑂4. 2𝐻2𝑂 +  𝐻𝑒𝑎𝑡  

Equation 2 

𝐶𝑎𝑆𝑂4 + 2𝐻2𝑂 →  𝐶𝑎𝑆𝑂4. 2𝐻2𝑂 +  𝐻𝑒𝑎𝑡  

 59 

It has been reported that beta plaster was used exclusively until the Second World War 60 

[1]. On the other hand, alpha plaster was invented in the 1930s and became the material of 61 

choice for the manufacture of new fibrous plaster by the end of the century, due to its higher 62 

strength.  In conservation work, no standardised material is specified as different plastering 63 

manufacturers currently use the traditional or modern system for repairs, according to their 64 

perceptions of its benefits. 65 

Cast gypsum was commonly used for small cast ornaments, applied to the surface of 66 

walls and ceilings. Casting pure gypsum plaster for large structures without reinforcement was 67 

not practical, as gypsum is well-known for its brittleness, weakness in tension and low impact 68 
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strength, in addition to its high water solubility [9]. These undesirable properties would likely 69 

cause severe damage to the cast structure when subject to applied loads.  Combining fibres 70 

with gypsum reduces its brittleness appreciably and improves its mechanical properties, 71 

especially the post-cracking behaviour [10]. The invention of fibrous plaster allowed gypsum to 72 

be used in an entirely different manner for decoration. 73 

 

 74 

Hessian (jute or hemp) has been used as a reinforcement for fibrous plaster in the UK for 75 

well over 100 years.  Figure 2 shows some sections of historic fibrous plaster where hessian 76 

scrims comprising bundle of fibres, were embedded in gypsum plaster as illustrated in Figure 77 

3(a).  Figure 3(c) shows the formation of  gypsum microstructure when observed under electron 78 

microscope.  Jute and hemp are among bast fibres that possess a higher cellulose content, with 79 

a smaller microfibril angle (orientation angle) compared to other fibres such as coir [11].  Bast 80 

fibres are extracted from the outer part of plant stems by a retting process in which the whole 81 

plant stems are immersed in water and the separation process is accomplished by means of 82 

biological or chemical degradation [12].  The morphology of jute fibres is shown in Figure 3b.  83 

India, China and Bangladesh are the largest producers of jute fibres [13].  However, the main 84 

concern in the use of natural fibres as the reinforcement is the poor interfacial adhesion 85 

between fibres and matrix which is likely to affect its mechanical performance [11], and its 86 

susceptibility to biodeterioration. 87 

Figure 2 : Appearance of historic fibrous plaster containing hessian scrim (a) exposed painted 
surface (underside), (b) surface in roof space (top side). 

(a) (b) 
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 88 

Besides hessian (jute) fibres, some companies making modern fibrous plaster [14, 15] 89 

now use glass fibre mat as a substitute for hessian, since it is stronger and exhibits a much 90 

higher modulus of elasticity and strength. This produces thin and lightweight panels of glass 91 

fibre-reinforced gypsum (GFRG), now found in applications including 3D wall panels and 92 

column casings as well as ceiling panels [14].  Besides being a versatile and robust material 93 

with a high degree of impact resistance, GFRG is also resistant to biodeterioration and is highly 94 

flame resistant, due to the nature of gypsum, which acts like a thermal regulator when exposed 95 

to a flame.  Not only will it not burn, but it is also capable of protecting the materials behind from 96 

the heat of the flame for up to two hours [15].  In addition, several studies [9, 16] have 97 

demonstrated that GFRGs exhibit enhanced toughness and energy dissipation capacity.  98 

In the interest of using eco-friendly materials, some researchers have reinforced gypsum 99 

with abaca fibres [10] and bio-degummed hemp fibres [17], both of which had been surface-100 

treated in order to improve the mechanical properties and thermal reisistance of resulting 101 

composites.  There have also been studies that investigated the microstructural and mechanical 102 

Figure 3 : Fibrous plaster illustration. (a) Section of fibrous plaster with exposed scrim layer (b) 
Hessian (Jute) fibre morphology – each fibre is comprised of a bundle of ultimate fibres; (c) 

Gypsum crystal microstructure 

(a) 

(b) (c) 
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behaviour of gypsum reinforced with polyamide fibres [18] as well as the influence of hydrophilic 103 

polyvinyl alcohol (PVA) fibres and hydrophobic polypropylene (PP) fibres on the physical and 104 

mechanical properties of gypsum composites [19]  105 

The aims of the present work were to investigate the structural performance of fibrous 106 

plaster; to study the most effective material combinations for new fibrous plaster potentially 107 

used in restoration; and to support the wide-ranging investigation of Historic England into 108 

structural failures. As there has been no published investigation into these materials previously, 109 

the fundamental properties of gypsums as individual materials and in combination with hessian 110 

and glass fibre reinforcements will provide a much needed insight into the behaviour of fibrous 111 

plaster composites in current and historic use.  This investigation is particularly important to help 112 

academia and industry undertstand their performance in buildings and to address the real-life 113 

concerns relating to maintenance and safety.  In this paper, the results of mechanical testing of 114 

flat rectangular fibrous plaster panels containing different volume fractions of hessian or glass 115 

fibre mat are reported.  The failure mechanism of the panels and the crystallisation of gypsum 116 

during hydration were examined and evaluated from electron microscopy images.   117 

 118 

2. Materials and Experimental Work  119 

2.1 Materials  120 

The materials in the present work were purchased from Industrial Plasters Ltd, Wiltshire, 121 

UK by Hayles and Howe, Bristol, UK.  Two types of commercially available gypsum plasters 122 

were used, identified as alpha plaster (Prestia Creation) and beta plaster (Prestia Classic).  123 

Prestia Creation is a high strength plaster with low expansion rate and commonly used with 124 

fibreglass chopped strand mat or fibreglass mat while Prestia Classic is a standard casting 125 

plaster with faster setting time and extra durability. These materials are mainly comprised of 126 

calcium sulphate hemihydrate (CSH).  127 

Alpha plaster (-CSH) and beta plaster (-CSH) differ in their reactivity with water and in 128 

the strength of the hydration products.[8, 20]. -CSH requires more water than the -CSH, in 129 

order to obtain a standard paste consistency as it has a much higher specific surface area [8].  130 

In terms of microstructure, the -CSH consists of well-formed transparent idiomorphic crystals 131 

with sharp crystal edges whereas -CSH consists of flaky particles made up of small crystals 132 

[8].  The properties of these gysum plasters are listed in Table 1. Their  chemical and 133 
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mineralogical composition was assessed by X-ray diffraction analysis (XRD) and is reported in 134 

Section 2.3.1.  135 

Properties 
Alpha Plaster (-CSH) 

[21] 
Beta Plaster (-CSH) 

[22] 

Plaster /Water Ratio 100/48 to 55 100/66 to 77 

Working time (min) 12 10 

Demould time (min) 25-30 25-35 

Expansion (%) 0.15 0.10 

Compressive Strength (MPa) 25 13 

 136 

Two different types of reinforcement, as shown in Figure 4, were used to manufacture 137 

samples of fibrous plaster, namely hessian (a, b) and glass fibre (c,d).  The hessian fabric was 138 

made of jute fibres imported from India. Two different weave styles were investigated, a loose 139 

plain weave with an average mesh of 5 mm x 10 mm and a tighter plain weave with an average 140 

mesh of 2.9 x 3.4 mm. The glass fibre reinforcements used were a 225 gsm Unifilo U816 CFM 141 

Fibreglass Mat [23] and a 185 gsm quadaxial glass [24].  CFM consists of randomly oriented 142 

strands in multiple layers, held together with a binder, while the quadaxial glass is a multiaxial 143 

glass reinforcement, constructed like a lace consisting of four layers of E-glass fibres aligned in 144 

0°/-45°/90°/+45° orientations and stitched together with the fire-proof aramid material Nomex 145 

[25].  146 

Table 1 : Properties of gypsum plaster 
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 147 

Plaster retarder was also added to certain formulations in order to control and delay the 148 

setting time.  Two types of plaster retarder were used, sodium citrate and pearl glue, each type 149 

weighing approximately 5 grams.  These retarders were mixed with approximately 3.5 litre water 150 

in a 3 gallon sized bucket prior to adding gypsum plaster until the mixture reached the required 151 

consistency.  For pearl glue retarder, the liquid mixture was then boiled,hydrated lime was 152 

added and finally the mixture was sieved to remove lumps. 153 

 154 

2.2 Manufacture of fibrous plaster  155 

Flat rectangular specimens of fibrous plaster were manufactured by Hayles and Howes 156 

following the configuration described in Table 2.  This was to compare properties of fibrous 157 

material made with traditional and modern materials. 158 

 159 

 160 

 161 

 162 

Figure 4: Type of reinforcements. Traditional hessian fabric - (a) Loose weave hessian and (b) 
Plain weave hessian; Modern glass fabric - (c) Continuous fibreglass mat (CFM) and (d) Quadaxial 

glass fabric 

(a) (b) 

(c) (d) 
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No 
Gypsum 
Plaster 

Retarding 
Agent 

Reinforcement 
Reinforcement 

Layer 
Sample ID 

1 Beta - - 
No 

reinforcement 
B-Gypsum 

2 Beta - H-LW 1 B+1H-LW 

3 Beta - H-LW 2 B+2H-LW 

4 Beta - H-LW 3 B+3H-LW 

5 Beta - H-PW 2 B+2H-PW 

6 Alpha - - 
No 

reinforcement 
A-Gypsum 

7 Alpha - H-LW 2 A+2H-LW 

8 Beta R H-LW 2 B_R+2H-LW 

9 Beta RGS H-LW 2 B_RGS+2H-LW 

10 Beta - GF-CFM 2 B+2GF-CFM 

11 Beta - GF-QA 2 B+2GF-QA 

Abbreviation: 163 
Alpha: High strength plaster  GF-CFM :  Continuous Fibreglass Mat 

Beta:  Standard casting plaster  GF-QA : Quadaxial Glass Fibre Fabric 

H-LW : Loose Weave Hessian Fabric  R : Retarding agent - Sodium citrate 

H-PW : Plain Weave Hessian Fabric  RGS :  Retarding agent - Pearl glue  

 164 

The manufacture of fibrous plaster was achieved by laying up the wet plaster and fabrics 165 

in a silicone rubber mould (see Figure 5) containing 12 recesses measuring 160 mm long by 40 166 

mm wide by 6 mm deep. A film of soapy water was used as a release agent brushed onto the 167 

mould surface. Plaster was added to water in the ratio 140 parts plaster to 100 parts water and 168 

mixed to an even consistency. A mild exothermic reaction occurred but the thin specimens 169 

cooled quickly. The specimens were left to hydrate for 30 minutes before labelling with a felt tip 170 

pen, careful removal from the mould and packing into a bespoke wooden tray. 171 

 172 

Table 2 : Flexural sample configurations 
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 173 

2.3 Chemical and Physical Characterisation of Gypsum and Reinforcement Materials 174 

2.3.1 X-Ray Diffraction (XRD)  175 

Phase purity and crystal structures of gypsum plasters were determined at room 176 

temperature by using x-ray powder diffraction in flat-sample transmission mode, using a STOE 177 

STADI P diffractometer equipped with MYTHEN detectors.  The equipment was operated with 178 

Cu-Kα1 radiation (λ= 1.540562 Å) at a scanning rate of 3.67 degree per minute and a scanning 179 

2 range of 0° to 80 ° 180 

Both hemihydrate (‘as received’powder) and dihydrate gypsums obtained from flexural 181 

specimens were analysed.  The dihydrate samples were ground into fine powder using a pestle 182 

and mortar.  Samples were placed between two foils for insertion into the powder XRD 183 

chamber.   184 

The analysis was also carried out to differentiate the mineralogical composition of  alpha 185 

and beta gypsum plasters.  186 

 187 

2.3.2 Mercury Intrusion Porosimetry  188 

MIP tests were performed on dihydrate gypsums taken from flexural specimens using 189 

Pascal 140 and Pascal 440, Thermo Fisher Scientific mercury porosimeters. The measurement 190 

was performed in two steps : first, the samples were intruded to 400 kPa in the Pascal 140 and 191 

then moved to the Pascal 440 where intrusion was from atmospheric pressure to a maximum 192 

pressure of 400 MPa; it was followed by extrusion back to atmospheric pressure again.  This 193 

Figure 5 : Manufacture of fibrous plaster specimens showing (a) plaster in a silicone mould and (b) 
plaster and glass reinforcement materials used in the process 

(a) (b) 
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intrusion-extrusion cycle in the low and high pressure porosimeter was performed twice for the 194 

alpha plaster and once for the beta plaster. 195 

The mercury surface tension and contact angle between the mercury and the solid 196 

surface were taken as 480 mN/m and 140° respectively. A blank run for differential mercury 197 

compression was made to correct the volume measurements. The mercury intrusion volumes 198 

and the corresponding applied pressures were recorded at every pressure step and provide the 199 

basic data for the analysis of pore structure.  The pore diameters related to the pressure applied 200 

can be calculated using the Washburn equation [26] based on the assumption that all pores are 201 

of a cylindrical shape. 202 

 203 

2.3.3 Sorption and desorption isotherms via DVS 204 

The sorption and desorption isotherm measurements on dihydrate gypsums and jute 205 

fibres were performed using a dynamic vapour sorption instrument (DVS Intrinsic from Surface 206 

Measurement Systems Ltd.). The instrument rapidly measures uptake and loss of moisture 207 

gravimetrically using a high precision balance with a resolution of 0.1µg [27]. Prior to the test, all 208 

samples were dried in an oven at 60°C.The samples were placed in a temperature controlled 209 

chamber and exposed to a flowing carrier gas (air) at a specified relative humidity (RH).  An air 210 

temperature of 23°C and a range of RH from 0-95% were chosen as the testing condition.  211 

During the measurements, the instrument was run in mass variation over time variation ( 
𝑑𝑚

𝑑𝑡
 ) 212 

mode which allows the software to determine when equilibrium has been reached to complete a 213 

relative humidity step. 214 

 215 

2.4 Mechanical Characterisation of Reinforcement Material and Fibrous plaster  216 

2.4.1 Fibre Density Measurement  217 

The density of jute fibres was measured according to BS ISO 10119 Method A (liquid-218 

displacement) [28] using an Ohaus density determination kit.  Prior to the measurements, 219 

hessian scrim was dried in an oven at 60 °C.  The jutes fibres were then separated and tied into 220 

bundles of fibres (Figure 6) and weighed in air and liquid to the nearest 0.0001 g.  In order to 221 

remove air bubbles adhered to the surface and to ensure small lumens in the fibre structure 222 

filled up with immersion liquid, the submerged specimen was placed in a vacuum oven at 100 223 

kPa for 20 minutes.  The density of the fibres,
f
 was calculated using Equation 3. 224 
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𝝆𝒇 = (
𝒘𝒂

𝒘𝒂 − 𝒘𝒍
) × 𝝆

𝒍
 

Equation 3 

where 𝑤𝑎 is the weight of the specimen in air, 𝑤𝑙 is the weight of the specimen in liquid 225 

and 
𝑙
 is the density of the immersion liquid. 226 

A store-bought canola oil was selected as the immersion liquid and its density was 227 

determined using a pycnometer method according to BS EN ISO 1675:1998 [29]. 228 

 

 229 

2.4.2 Single Fibre Tensile Test 230 

Tensile tests were performed on single fibre filaments as per BS ISO 11156 [30] on an 231 

Instron 3369 with a 50 N load cell at a crosshead speed of 1 mm/min.  Specimens were 232 

prepared by gently separating individual fibre bundles from jute strands and mounting onto a 233 

cardboard sample holder at both ends, using a quick drying adhesive as shown in Figure 7(a).  234 

For each individual fibre bundle, the mass was weighed up to 5 decimal places and the length 235 

was measured as accurrately as possible.  The cross-sectional area of the single fibre was 236 

calculated using Equation 4. 237 

𝑨 =
𝒎

𝝆𝒇 × 𝒍
 

Equation 4 

where 𝐴 is the single fibre bundle cross-sectional area, 𝑚 is the mass of a single fibre 238 

bundle at a given length, 𝑙 is the length of the fibre bundle and 
𝑓

 is the fibre bundle density. 239 

The cardboard sample holder, which has a 25 mm gauge length slot in the middle, was 240 

then placed between pneumatic test grips ensuring the specimen was aligned with the loading 241 

axis of the test machine (Figure 7(b)).  Before applying the load, the supporting sides of the 242 

Figure 6 : Tied jute fibre bundles 
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cardboard was cut in the middle at both sides to make sure only the fibre was under load during 243 

the test. Three grades of jute fibres, taken from historic hessian, new loose weave hessian and 244 

plain weave hessian, were tested.  A minimum of twenty measurements were conducted for 245 

each type of fibre tested.  246 

 

 247 

The 2-parameter Weibull probability distribution [31] was used to determine the 248 

cumulative distribution function of the jute fibres strength. The cumulative probability of failure 249 

(𝑃𝑓) is defined as per Equation 5. 250 

𝑷𝒇 = 𝟏 − 𝒆𝒙𝒑 [− (
𝒇

𝒐
)

𝒎
] 

Equation 5 

where 𝑓  is the single fibre tensile strength, 𝑜 is the scale parameter (i.e. characteristic 251 

strength) and 𝑚 is the shape parameter (i.e. Weibull modulus), which indicates the distibution in 252 

fibre strength.  Taking logarithms twice on both sides of Equation 5 results in Equation 6, 253 

𝒍𝒏 [𝒍𝒏 (
𝟏

𝟏 − 𝑷𝒇
)] = 𝒎 𝒍𝒏 𝝈𝒇 + 𝒎 𝒍𝒏 𝝈𝒐 

Equation 6 

 254 

The scale and shape parameter can be estimated by fitting the experimental data to 255 

Equation 6 which represents a linear function 𝑙𝑛(𝜎𝑓) with the slope equal to 𝑚 and the 256 

intercept equal to 𝑚 𝑙𝑛(𝜎𝑜). 257 

 258 

Figure 7 : Single Fibre Filament Test. (a) Mounting card dimension (b) Fibre mounted on cardboard  

(a) 

(b) 
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2.4.3 Flexural Tests 259 

Flexural tests were carried out in a accordance with BS EN ISO 178 [32] using an Instron 260 

3366 universal testing machine with a 50 kN load cell at a crosshead speed of  2 mm/min. The 261 

flexural properties were measured in three-point bending with a span length to thickness ratio 262 

greater than 16:1.  Rectangular specimens with dimensions of 160 mm x 40 mm x 6 mm 263 

thickness were tested until failure.  The specimens had a smooth face and a rougher face from 264 

which some fibrous material was visible. With the fibres closer to the rough face, this surface 265 

was treated as the soffit with the fibres acting in tension.  At least eight specimens were tested 266 

for most of the sample categories. 267 

The samples were stored in the laboratory environment at room temperature (~22C) and 268 

relative humidity of~50% for two weeks allowing them all to reach an equilibrium prior to testing. 269 

 

 270 

2.5 Microscopy Analysis  271 

Samples were taken from cast sheets of alpha and beta gypsum plaster. The appearance 272 

of the white gypsum sheets was similar. Small samples were broken away from the cast sheets 273 

in order to present a clean fractured surface. Samples were mounted on conductive carbon 274 

adhesive discs on an aluminium stub. Both the surface of the cast sheet and the fractured 275 

surface were imaged. 276 

Samples were sputter coated with a thin layer of gold for two minutes in an argon plasma 277 

at a voltage of 25kV. Samples were imaged in a JEOL JSM-6480LV SEM under an accelerating 278 

voltage of 20kV and a working distance of approximately 15 mm. 279 

 280 

Figure 8 : Flexural test-setup 
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3. Results and Discussion 281 

3.1 Classification of raw gypsum plasters 282 

The raw material gypsums used in the present work identified as -CSH and -CSH differ 283 

in their reactivity with water and in the strength of the hydration products.[8, 20]. -CSH requires 284 

more water than the -CSH, in order to obtain a standard paste consistency as it has a much 285 

higher specific surface area.[8].  In terms of microstructure, the -CSH consists of well-formed 286 

transparent idiomorphic crystals with sharp crystal edges whereas -CSH consists of flaky 287 

particles made up of small crystals [8]. 288 

3.2 XRD Analysis 289 

Figure 9 shows the XRD results of both hemihydrate and dihydrate gypsum plasters.  The 290 

analysis shows a high-peak to background ratio indicating the samples are highly crystalline.  291 

The peaks are identified by comparing the present results with the XRD pattern published in 292 

previous studies [10, 33].  As expected, the XRD patterns reported in Figure 9 (a and b) showed 293 

peaks ascribed to calcium sulfate hemihydrate, anhydrite and calcite.  The XRD patterns 294 

reported in Figure 9 (c and d) were mainly calcium sulfate dihydrate and a very small amounts 295 

of secondary constituents such as quartz.  No peaks related to calcite were detected in the 296 

present study unlike XRD spectra previously published [33].  297 

The XRD patterns also revealed that in general, the alpha and beta gypsum plasters 298 

have almost identical spectra suggesting the materials do not vary much in chemical 299 

composition.  This is in accordance with a previous study, [33] which showed no observable 300 

differences in peak position but slight differences in relative intensity were removed when the -301 

hemihydrate was finely ground [20].   302 

 303 

  304 
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Figure 9 : XRD pattern for Gypsum Hemihydrate (a, b) and Gypsum Dihydrate (c, d) 

(a) (b) 

(c) (d) 
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3.3 Mercury Intrusion Porosimetry (MIP) 305 

Mercury intrusion porosimetry is a technique which provides quantitative representation 306 

of the microstructure of porous materials from which pore size distribution can be deduced [34].  307 

The technique is based on the gradual intrusion of a non- wetting liquid mercury into an 308 

evacuated pore system in the presence of external applied pressures [35].  The diameter of the 309 

pores intruded by mercury is inversely proportional to the applied pressure; the higher the 310 

pressure applied, the smaller are the pores which are being intruded.  The volume of mercury 311 

required to fill all accessible pores is considered the total pore volume. The cumulative intruded 312 

volume curve and differential distribution curve for both alpha and beta gypsum dihydrate are 313 

shown in Figure 10.   314 

 

Figure 10 : Mercury Intrusion Curve of Gypsum Dihydrate. (a) Cumulative intruded volume curve 
(b) Differential distribution curve 
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 315 

The key parameters derived from these curves can be used to evaluate the pore 316 

structure of the gypsum as listed in Table 3.  The intrudable porosity, in is obtained by taking 317 

the highest point on the cumulative intruded volume curve which corresponds to the smallest 318 

equivalent pore diameter, dmin. [36]. The critical pore diameter, dcrit is determined by taking the 319 

diameter which corresponds to the maximum peak in the differential distribution curve [36].  It is 320 

defined as the pore diameter above which no connected path could form throughout the sample 321 

[37]. It is well accepted that the smaller the critical pore diameter, the finer the pore structure.  322 

The threshold pore diameter, dth is taken as the intersections of tangent lines on the cumulative 323 

intruded volume curve [38].  The threshold pore size is the size of pores providing entry to the 324 

pore network, i.e. connectivity, and it is one of the parameters controlling its transport properties 325 

[39].  Some studies [40] have taken the threshold diameter and the total volume of intruded 326 

mercury as indexes of the pore structure for comparison with pore structures of other materials.  327 

Both parameters vary with water-binder ratio and age in the same way with time.  328 

Properties -Dihydrate -Dihydrate 

Intrudable porosity, in (mm3/g) 543 440 

Minimum pore diameter, dmin (nm) 3.70 3.68 

Critical pore diameter, dcrit (nm) 3714 1167 

Threshold pore diameter, dth (nm) 3670 2478 

Average Pore Diameter,davg (nm) 230 195 

Porosity (%) 58 52 

 329 

It can be concluded from the MIP results that the beta gypsum contains a higher amount 330 

of pores (i.e. porosity) and larger threshold pore size indicating the gypsum has coarser pore 331 

structure when compared to the alpha gypsum.  Therefore it is expected that the beta gypsum 332 

will exhibit lower material strength than the alpha gypsum. However, it should be noted that 333 

intrudable porosity as measured in MIP is not a measure of total porosity in the system [40] 334 

 335 

Table 3 : MIP test results for Gypsum Dihydrate 
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3.4 Sorption and desorption isotherms via DVS 336 

The sorption and desorption isotherms measured via DVS provide information on the 337 

hygroscopic behaviour of building materials such as gypsum.  It relates the amount of 338 

equilibrium moisture content to the ambient relative humidity (RH) for a given temperature [41]. 339 

Hygroscopic materials constantly absorb and desorb moisture to and from the surface until 340 

equilibrium conditions are reached.  Moisture penetrates the structure either in the form of liquid 341 

or vapour but only escapes in the vapour phase.[42]. 342 

Figure 11 displays the sorption and desorption isotherm curves for gypsum dihydrate and 343 

jute fibre. These curves are sigmoidal with marked hysterisis and exhibit a Type II (for jute fibre) 344 

and Type III (for gypsum) adsorption according to the IUPAC's classification [43].  Referring to 345 

Figure 11(a), the results indicate the different sorption properties between the alpha and beta 346 

gypsum plasters.  The alpha gypsum shows a very low moisture uptake. The maximum uptake 347 

at 95% RH is around 0.20 wt %.  In contrast, the beta gypsum exhibit higher water uptake i.e. 348 

1.04% at 95% RH.  The result agrees well with the fact that the beta gypsum has higher 349 

porosity and larger threshold pore size as determined from MIP analysis.  It can also be seen 350 

from the graph that the desorption phase of both gypsums coincides with the sorption phase 351 

which indicates that the gypsum sorption and desorption processes are reversible.   352 

The corresponding isotherm plot for jute fibre (Figure 11(b)) exhibits type II behaviour 353 

which is characterised by low initial sorption and substantial uptake at higher RH.  It can be 354 

seen that the fibre takes up fairly large amount of moisture during the sorption phase.  The 355 

weight increased by 21 % at 95 % RH. This is not surprising owing to the hydrophilic nature of 356 

plant fibres resulting from the presence of hydroxyl groups (OH) of anhydroglucose repeating 357 

units in the cellulose structure [44].  This leads to high level of moisture absorption from the 358 

surrounding environment especially in humid conditions.  One of the main factors that influence 359 

the sorption and desorption behaviour of plant fibres is thought to be their chemical composition 360 

which comprises cellulose, hemicellulose and lignin. It was demonstrated that fibres with high 361 

lignin levels and relatively lower cellulose content such as jute, coir and Stika spruce exhibited 362 

higher moisture uptake compared to fibres having very low lignin level and relatively higher 363 

cellulose content such as cotton, flax and hemp [45].  For comparison, cotton fibre has the 364 

highest amount of cellulose (94% cellulose, 0% lignin) while coir fibre has the highest amount of 365 
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lignin (approximately 43% cellulose, 45% lignin).  Jute fibre has approximately 72% cellulose 366 

and 13% lignin.  367 

  

 368 

3.5 Fibre density 369 

Canola oil is selected as the immersion liquid as it has been proven to give good 370 

accuracy and repeatability for plant-based fibre density measurement [46].  In addition, it does 371 

not impose health and safety risks, unlike benzene or other chemicals specified in the standard.  372 

The density of store-bought canola oil was calculated as 0.9152 g/cm3 which is in agreement 373 

with the value published in the literature [47].  The value is used to calculate the density of jute 374 

Figure 11 : Sorption and desorption isotherms of (a) alpha and beta gypsum dihydrate and (b) jute 
fibre 

(b) 

(a) 



 
Page 21  

 

fibres using Equation 3 and the results are given in Table 4. The measured density is an 375 

average of 5 specimens and the values are within the range of the published literature [11].  376 

Hessian Sample 
Measured Density 

(g/cm3) 
Literature Density 

(g/cm3) 

Loose Weave Hessian 1.4253 

1.3 -1.5 [11] 
 

Plain Weave Hessian 1.4709 

Historic Hessian  1.3743 

 377 

The variation in the above density measurement between different groups of jute fibres 378 

could be due to the complex structure of the fibre itself. The historic hessian is likely to have 379 

undergone chemical changes with time. Plant-based natural fibres are not uniform and fibre 380 

bundles containing ultimate fibres have irregular shapes. Each ultimate fibre has a complex, 381 

multi-layered cell wall and a central hollow lumen [11, 47].  The lumen area fraction for jute fibre 382 

is of the order of 34% which takes up significant proportion of the fibre cross-sectional area [11]. 383 

The actual size of lumen for jute and other plant-based fibres varies considerably depending on 384 

the source, age, treatment and separation technique [48].  Fidelis et.al. [49].measured the 385 

lumen size of jute fibre from Amazon (Brazil) as 6.7 µm in diameter while Ramesh et al.[50] 386 

reported the lumen size for jute obtained from India as 12 µm.  Using the Archimedes method, it 387 

is possible that the the immersion liquid used might not completely fill up the tiny lumen which 388 

can lead to an inaccurate density measurement.  A recommended technique for measuring fibre 389 

density is via helium gas pycnometry which is capable of producing repeatable and accurate 390 

data [46]. 391 

 392 

3.6 Single fibre bundle tensile properties 393 

Table 5 presents the single fibre tensile strength of jute fibre bundles and their 394 

corresponding Weibull distribution parameters.  A total of 20 fibre bundles were randomly 395 

chosen from a given batch and tested. The fibre bundle breaks at the weakest link, which can 396 

be anywhere along the fibre length. For example, the fibre bundle is likely to fail at the smallest 397 

cross-section area or at the most detrimental flaw such as at the site of cell wall buckling.  The 398 

number of weak links increase with increasing fibre bundle length, causing the fibre bundle to 399 

be more susceptible to failure, resulting in lower strength[51].   400 

Table 4:Density of Jute Fibres 
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Properties 
Loose Weave 

Hessian 
Plain Weave 

Hessian 
Historic Hessian 

Fibre Bundle Cross-sectional 
Area (µm2) 

3471 ± 3736 2641 ± 1124 2447 ± 877 

Average Fibre Bundle Tensile 
Strength (MPa) 

395 ± 227 313 ± 130 195 ± 96 

Scale Parameter, 𝝈𝒐 457 352 220 

Shape Parameter, 𝒎 1.66 2.48 2.54 

 401 

The single fibre bundle tensile strength for loose weave hessian is found to be within the 402 

published data, ranging from 393 – 800 MPa [11] while the plain weave hessian exhibits a 403 

slightly lower mean fibre bundle strength.  The fibre bundle strength of historic hessian is 404 

reduced significantly by 50% when compared to the ‘as received’ loose weave hessian, which 405 

indicates fibre degradation has occurred over time. Many authors [11, 48, 49] have pointed out 406 

that the large distribution of fibre bundle strengths in the published data can be related to the 407 

variability in the microstructure and chemical composition of the natural fibres.  Other factors 408 

that have influence on fibre properties include, testing speed, gauge length, moisture content 409 

and temperature which are not always reported [11].  Nonetheless the current results are more 410 

comparable to the measured fibre bundle strengths reported by Defoirdt et al. [51] ranging from 411 

307 ± 84 MPa to 399 ± 100 MPa.  In a similar study, Fidelis et al. [49] published their single fibre 412 

bundle strengths as 314 ± 131 MPa and 263 ± 65 MPa for 20 mm and 30 mm gauge lengths 413 

respectively. 414 

The Weibull distribution statistical analysis has been widely applied to describe the 415 

variability of single fibre bundle tensile strengths [49, 51-53]. The analysis relies on the 416 

assumption that the fibre bundle is brittle and its failure as a function of applied load is 417 

controlled by the most serious flaw (i.e. flaw subjected to the highest stress intensity factor) 418 

along the fibre length [53].  The two Weibull parameters that are of interest are (i) shape 419 

parameter (also known as Weibull modulus) 𝑚, a dimensionless parameter which defines the 420 

variability of the fibre failure strength and  (ii) scale parameter, 𝜎𝑜,which is a measure of 421 

characteristic strength and is dependent on the stress distribution and test specimen size. 422 

Figure 12 shows the Weibull distribution for jute fibre tensile strengths from the present 423 

work.  It can be seen from Figure 12(a), there is a good linear fit of the experimental data for 424 

Table 5 : Single fibre bundle tensile strength and Weibull distribution parameters  
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plain weave hessian fabric with the 𝑅2 coefficient value more than 95%.  However, this is not 425 

the case for the loose weave and historic hessian data which shows lack of fit with 𝑅2 ≤ 95% .  426 

This is expected as there is often variation from linearity at the ends of the 𝑅2 fitted line.  The 427 

Weibull parameters 𝑚 and 𝜎𝑜 obtained from the gradient and intercept of the best fit lines of the 428 

graph are provided in Table 5. The Weibull modulus, 𝑚 in this study was calculated as 1.66 and 429 

2.48 for the ‘as received’ loose weave and plain weave hessian fabrics respectively while 𝑚 for 430 

historic hessian was calculated as 2.58.  All of these values are within the range of the Weibull 431 

modulus for natural fibres which is between 1 and 6 [53].  The higher the 𝑚 value as 432 

demonstrated by the plain weave and historic hessian fabrics indicates less variability in their 433 

tensile strength (i.e. narrow strength distribution).  This is preferable as materials with high 434 

Weibull modulus are more predictable and less likely to break at a stress much lower than a 435 

mean value [31].  The characteristic strength, 𝜎𝑜 for the ‘as received’ loose weave and plain 436 

weave hessian fabrics is 457 MPa and 352 MPa respectively which corresponds to the 437 

probability to failure, 𝑃𝑓 of 63.2% as shown in Weibull cumulative probability plot (Figure 12(b)).  438 

As for the historic hessian, its 𝜎𝑜  is 220 MPa, which is the lowest among the fabrics with the 439 

steepest curve gradient and the smallest range of strengths.   440 

 

Figure 12: (a) Weibull plot and (b) Cumulative probability of failure from single fibre tensile 
strengths.  

(b) (a) 
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 441 

3.7 Flexural Strength and Modulus of Fibrous Plaster 442 

Typical stress-strain curves for fibrous plaster specimens tested under flexural loading 443 

are shown in Figure 13.  There are significant differences in the flexural behaviour of the 444 

gypsum plaster with and without reinforcement.  The gypsum plasters without reinforcement 445 

(Figure 13(a)) failed catastrophically, characteristic of a brittle material where its maximum 446 

stress (𝜎𝑚) is the same as the breaking strength (𝜎𝑏) which resulted in the specimen being 447 

broken into two pieces.  The incorporation of hessian reinforcement changed the flexural 448 

behaviour of the fibrous plaster as can be seen in Figure 13(b) where in this case, 𝜎𝑚 >  𝜎𝑏.  449 

The failure occurred in a more controlled manner initiated by gypsum matrix cracking which then 450 

propagates and grows along the weak interface between the hessian and gypsum. This caused 451 

debonding of hessian fibres, and hence led to ultimate failure.  It can be clearly seen in Figure 452 

14(a) that the debonded hessian fibres (parallel to the specimen length) bridged the cracks and 453 

was capable of supporting reduced stress( ~ 1 MPa).  Similar behaviour was observed for 454 

fibrous plaster reinforced with quadaxial glass fibre in Figure 13(c), although in this case, matrix 455 

cracking and fibre debonding only occurred locally (see Figure 14(c)).  The failed specimen is 456 

capable of holding a higher average stress of 3 MPa preventing the whole structure from failing 457 

catastrophically.  458 
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 459 

A different behaviour was demonstrated when the fibrous plaster was reinforced with 460 

CFM, where the stress-strain curve in Figure 13(c) exhibited ductile behaviour.  After initial 461 

displacement, there was a sudden drop in the stress identified as 𝜎′ which is initiated by the 462 

gypsum matrix cracking.  The number of matrix cracks increased with increasing stress and 463 

strain as demonstrated by the ‘stick-slip’ behaviour of the curve.  The curve rose again as the 464 

crack propagation in the structure was hindered by the strong fibre-gypsum interfacial adhesion, 465 

until it reached the maximum strength (𝜎𝑚), after which the stress gradually decreased until 466 

Figure 13: Stress-strain curves of flexural specimens (a) Gypsum without reinforcement - alpha and 
beta (b) Beta gypsum reinforced with hessian fibre (c) Beta gypsum reinforced with glass fibre  

Inset picture showing first matrix cracking failure for gypsum reinforced with CFM  

(b) (a) 

(c) 
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failure. Besides matrix cracking, other failure mode involves fibre debonding and pull-out (see 467 

Figure 14(b)) which occurred locally.  It is worth mentioning that the specimens were still intact 468 

even after experiencing the whole failure sequence.  The flexural strength and modulus of the 469 

fibrous plaster in this study are summarised in Table 6. 470 

Sample ID Sample Description 
Flexural Strength 

(MPa) 
Flexural Modulus 

(GPa) 

B-Gypsum 
Beta Gypsum (BG) with no 
reinforcement 

4.94 ± 0.27 4.54 ± 0.25 

B+1H-LW BG+ 1 layer of loose weave hessian  3.92 4.34 

B+2H-LW BG+ 2 layer of loose weave hessian  3.77 ± 0.52 3.97 ± 0.88 

B+3H-LW BG+ 3 layer of loose weave hessian 4.47 ± 1.07 4.26 ± 0.48 

B+2 H-PW BG+ 2 layer of plain weave hessian 3.48 ± 0.50 3.23 ± 0.48 

A-Gypsum 
Alpha Gypsum (AG) with no 
reinforcement  

8.51 ± 0.90 8.24 ± 1.09 

A+2H-LW AG+ 2 layer of loose weave hessian 5.96 ± 0.67 6.49 ± 0.78 

B_R+2H-LW 
BG with sodium citrate retarding agent 
+ 2 layer of loose weave hessian 

3.36 ± 0.57 3.79 ± 0.83 

B_RGS+2H-LW 
BG with pearl glue retarding agent + 2 
layer of loose weave hessian 

2.54 3.43 

B+2GF-CFM 
BG + 2 layer of continuous fibreglass 
mat  

4.57 ± 0.59 a 
10.32 ± 1.09 b 

4.93 ± 0.50a 

B+2GF-QA 
BG + 2 layer of quadaxial glass fibre 
fabric 

4.53 ± 0.44 3.90 ± 0.48 

Note: 471 
a:: Flexural strength and modulus corresponding to first matrix crack failure, ′ 

b: Flexural strength corresponding to maximum load, m 

 472 

Broken test specimens showing a fractured surface of fibrous plaster under flexural 473 

loading are imaged in Figure 14.  It can be clearly seen the debonded hessian fibre bundles 474 

(Figure 14(a)) and glass fibre yarns (Figure 14(b) and (c)) bridge the brittle crack in the gypsum 475 

plaster, preventing the structure from failing catastrophically.  There is also evidence of 476 

extensive fibre debonding and pull-out. 477 

 478 

Table 6 : Flexural strength and modulus of fibrous plaster 



 
Page 27  

 

 

 479 

3.7.1 Effect of Hessian Reinforcement on Flexural Properties of Fibrous plaster 480 

The flexural strength of alpha and beta gypsum plasters without reinforcement were 481 

measured as 8.51 ± 0.90 MPa and 4.94 ± 0.27 MPa respectively.  These experimental values 482 

fall within the range of values of autoclaved gypsum (7-10 MPa) and low-grade gypsum (4-5 483 

MPa) reported in the literature [54].  The results agree well with our earlier observation in 484 

Section 3.3 that the beta gypsum has higher amount of pores (i.e. porosity) and larger threshold 485 

pore size than the alpha gypsum, thus contributing to its lower flexural strength.  Figure 15 486 

compares the effect of hessian reinforcement on the flexural strength of both gypsums.   487 

Figure 14 : Broken test specimens showing fractured surface of fibrous plaster under flexural 
loading. (a) Fibrous plaster with hessian reinforcement (b) Fibrous plaster with continuous 

fibreglass mat (CFM) reinforcement (c) Fibrous plaster with quadaxial glass fibre reinforcement 

(b) 

(a) 

(c) 
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 488 

It is evident that the addition of hessian reinforcement reduced the flexural strength quite 489 

remarkably, up to 30%.  Similar trend is observed for the flexural modulus. Although the addition 490 

of 3 layers of hessian appears to improve the strength compared to samples with 1 or 2 layers, 491 

the improvement is very small and lies within the experimental error.  Further tests are required 492 

to confirm whether or not 3 layers of hessian reinforcement would provide better fibrous plaster 493 

properties.  The result also showed no marked difference when using loose weave and plain 494 

weave hessian which suggests the fibre architecture of hessian reinforcement has no effect on 495 

the overall flexural properties. 496 

It is worth highlighting that the flexural strength reported here is determined by the 497 

fracture of the gypsum matrix which was the predominant failure of fibrous plaster flexural 498 

specimens.  The addition of hessian reinforcement reduced the gypsum plaster volume fraction 499 

of the resulting composites and caused the structure to be less resistant to fracture.  In addition, 500 

the presence of hessian reinforcement created flaws in the structure due to poor hessian-501 

gypsum interfacial bonding.  It can be concluded the combination of hessian and gypsum 502 

materials has no synergistic effect in improving the mechanical performance of fibrous plaster.  503 

The addition of hessian reinforcement is mainly to change or alter the failure behaviour of 504 

fibrous plaster by preventing catastrophic failure of gypsum, delaying crack propagation and 505 

Figure 15 : Effect of hessian reinforcement on flexural properties of fibrous plaster.  

Notation: 

1 H-LW 

1: No. of layer 

H : Hessian reinforcement 

LW : Loose-weave hessian 

PW : Plain-weave hessian 
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finally bridging the crack while supporting some part of the load.  Hence the composite is more 506 

ductile and less likely to fail suddenly. 507 

The detrimental effect of hessian reinforcement on fibrous plaster structure could be 508 

alleviated by carrying out fibre treatment either by physical, chemical or biological methods prior 509 

to the fabrication process.  Depending on the method used, these treatments modify the fibre 510 

surface by increasing its polarity, removing unwanted fibre constituents such as lignin, pectin 511 

and hemicellulose or increasing surface roughness, all of which lead to an improve interfacial 512 

bond strength, as well as increasing moisture resistance of hessian fibres for better long term 513 

properties .  Many studies [10, 17, 55] have demonstrated the positive effect of fibre treatment 514 

on the mechanical properties of natural fibre-gypsum composites  515 

 516 

3.7.2 Effect of Glass Fibre Reinforcement on Flexural behaviour of Fibrous Plaster  517 

Figure 16 compares the flexural properties of fibrous plaster reinforced with hessian and 518 

glass fibre.  It is apparent that the fibrous plaster with glass fibre-reinforcement performs better 519 

than that of hessian-reinforced plaster.  The flexural properties of CFM-reinforced gypsum 520 

plaster showed by far the biggest improvement exceeding the strength of the alpha gypsum with 521 

and without reinforcement.  In addition, the use of CFM transformed the failure mode from brittle 522 

to ductile as well as increasing the strain to failure (displacement to failure.)  Although the 523 

specimen experienced first crack failure corresponding to the failure mode of the gypsum, its 524 

load carrying capacity kept increasing until it reached maximum strength.  The increase in 525 

strength is due to the strong interfacial glass fibre-gypsum bonding which contributes to better 526 

crack resistance and efficient load transfer in the structure. 527 

On the other hand, the use of quadaxial glass fabric as the reinforcement in fibrous 528 

plaster did not improve the overall flexural strength as the specimen failed due to gypsum 529 

failure.  Despite good fibre-gypsum interfacial bonding, the reinforcement effect was not 530 

observed due to lack of load transfer capability. 531 
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 532 

3.7.3 Effect of Retarder on Flexural Properties of Fibrous Plaster  533 

Retarder is an additive which is added to the mixture in order to control and slow the 534 

setting time of gypsum plaster, thus prolonging its workability.  Common retardants used with 535 

commercial gypsum include acids such as citric, malic, tartaric; ethyl acetate, potassium sulfate 536 

and polycarboxylic acids [56].  Citric acid has the highest retarding power while tartaric acid has 537 

the least power [8].  It can be clearly seen from Figure 17 that the addition of retarder reduced 538 

the flexural strength and modulus of fibre-reinforced gypsum.  The strength dropped from 5 539 

MPa to 3.4 MPa with the addition of sodium citrate retarder in sample Gypsum_R +2H.  This 540 

value is also 11% lower than the strength of the specimen with the same configuration 541 

(Gypsum+2H).  The addition of pearl glue retarder in sample Gypsum_RGS +2H further 542 

dropped the strength by 32%.   543 

Figure 16 : Effect of glass fibre reinforcement on flexural properties of fibrous plaster.(= Flex 

strength at first crack failure, m = Maximum flex strength)  

Notation: 

2 GF-CFM 

2 : No. of layer 

GF : Glass fibre reinforcement 

CFM : Continuous Fibreglass 
Mat 

QA : Quadaxial glass fabric 
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 544 

Although strength reductions were observed in the present work, these values can be 545 

considered small when compared to the work of Lanzon et al.[57] who observed more than 50% 546 

reduction in their gypsum samples when high concentrations of citric acid (1000 ppm and 547 

above) were added to the formulations.  The addition of citric acid at low concentrations (500 548 

ppm and below) on the other hand, had negligble effect on the strength.   549 

The reduction in mechanical properties of gypsum plaster due to the presence of retarder 550 

can be explained in terms of microstructural changes.  The final strength of gypsum is related to 551 

the formation of needle shaped gypsum crystals with a high degree of interlocking which takes 552 

place during the hydration process.  The addition of retarder modifies the nucleation and the 553 

crystal growth process as the acids are absorbed at the crystal surfaces of the growing gypsum 554 

thereby lowering the degree of interlocking and reducing the force of adhesion between different 555 

faces of the gypsum crystals [8]. The difference in the gypsum microstructure with high and low 556 

degrees of interlocking can be seen in Lanzon et al.[57].  In this study, the microstructural 557 

differences between gypsum with and without retarder are not obvious due to the fact that only 558 

low concentrations of retarders were used (to reflect industry practice) in the mixture which 559 

resulted in fairly small strength reductions.  560 

 561 

Figure 17: Effect of retarder on flexural properties of fibrous plaster 

Notation: 

Gypsum + 2H 

Gypsum : Gypsum only 

2 : No. of layer 

H : Hessian reinforcement 

Gypsum_R : Gypsum with sodium 
citrate retarder 

Gypsum_RGS : Gypsum with 
pearl glue retarder  
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3.8 Microstructural Observation 562 

Figure 18 shows the image of fractured jute fibre bundles encrusted with gypsum crystals 563 

on their surfaces. The fibre bundles contains about seven ultimate fibres, each of which has a 564 

central void or lumen.  565 

 

 566 

Low magnification (x100) images of the smooth and fractured surfaces of beta gypsum 567 

plasters are presented in Figure 19(a) and (b).  The fractured surface contains spherical pores. 568 

The smooth surface is comprised of a network of needle shaped crystals of gypsum dihydrate 569 

with micropores in between (Figure 19 (c)). The alpha gypsum plaster has a more disorganised 570 

microstructure (Figure 19 (d)) with less coarse porosity (dark zones), some flattened zones and 571 

polymer strands evident. 572 

 573 

Figure 18: Lumens in jute fibre bundles as circled 
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(b) 

 

 574 

The fractured surfaces of the alpha and beta gypsum plasters are imaged in Figure 20.  575 

Both plasters containing spherical pores, some of which are charged (white zones). 576 

Examination of the interior of the pores reveals a less closely packed structure in the beta 577 

plaster (Figure 20(c)) compared to the alpha plaster (Figure 20(d)).  578 

 579 

 580 

Figure 19 : Edge view of fractured sheet of beta gypsum plaster with smooth face (upper) and 
rougher, porous fractured surface (lower) at x100 (a) and x250 (b). Smooth surface of beta gypsum 

plaster x500 (c) and alpha gypsum plaster x500 (d) 

(d) 

(c) (a) 
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 581 

It can be concluded that the microstructures of the alpha and beta gypsum plasters are 582 

not substantially different and both are comprised of calcium dihydrate needle crystals.The 583 

needle crystal are more closely packed and interconnected in the strong plaster and there are 584 

therefore more stress raisers in the ordinary plaster which is expected to be weaker. Both alpha 585 

and beta plasters contain porosity but the calcium dihydrate crystals are more closely packed in 586 

the alpha plaster. There are fine strands of polymer within the alpha plaster which may be a 587 

prescribed ingredient and may contribute to its superior strength. The mean density of the beta 588 

plaster was measured to be 1060 kg.m-3 and the mean density of the alpha plaster was 589 

measured to be 1350 kg.m-3 supporting the above observations. 590 

 591 

4. Conclusions  592 

This study investigated the structural performance of fibrous plaster containing different 593 

numbers of layers of hessian and glass fibre reinforcements. Based on this investigation, the 594 

fibrous plaster with glass fibre-reinforcement particularly the continuous fibreglass mat 595 

reinforcement, performs exceptionally well compared with hessian reinforcement. The glass 596 

Figure 20 : Fracture surfaces of beta plaster (a) and alpha plaster (b), both x100. Fracture surfaces 
of pores in (c) beta gypsum plaster and (d) alpha gypsum plaster both x1,000. 

(b) 

(a) 

(d) 

(c) 
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fibre-reinforced gypsum plaster exceeds the flexural strength of the alpha gypsum plaster 597 

without reinforcement as well as transforming the failure mode from brittle to ductile.  The 598 

improvement is due to the strong interfacial bonding between the materials which contributes to 599 

better crack resistance and efficient load transfer in the structure.  Although the use of hessian 600 

reinforcement with gypsum plaster did not influence the flexural strength, the presence of the 601 

hessian is still beneficial in preventing catastrophic failure of gypsum, delaying crack 602 

propagation and subsequent bridging of the crack.  To improve the mechanical performance of 603 

the hessian reinforced gypsum plaster, the hessian reinforcement might benefit from surface 604 

chemical treatment in order to raise the interfacial strength.   605 

The outcomes of this work will provide essential data serving as the basis for the 606 

development of further materials research in predicting the durability and life span of fibrous 607 

plaster structures. The mechanical properties and failure mechanisms identified in this study will 608 

provide a better understanding of failure and improve specification of conservation repairs which 609 

are currently based on empirical experience and not scientific evidence. This first stage of 610 

testing has compared the physical and mechanical properties of modern fibrous plasters, but 611 

does not include recommendations for the repair of historic fibrous plasterwork. The choice of 612 

materials for conservation is far more nuanced, taking into account the overall structure of 613 

composite ceilings, the condition of historic materials and compatibility of repairs with them. 614 

Further materials research is needed to understand this neglected historic material.   615 

 616 

5. Future Work 617 

The findings presented in this paper will be developed to further the understanding of 618 

fibrous plaster degradation and how this is affected by environmental conditions.  Building upon 619 

this, the use of modern materials in the maintenance and repair of historic fibrous plaster will 620 

also be addressed along with strategies and methods to predict the properties and failure of 621 

historic plaster currently in service. Our ongoing studies will include a series of publications 622 

where an investigation of the load bearing capacity and failure mechanisms of fibrous plaster 623 

wads, used to suspend fibrous plaster ceilings directly below a loadbearing roof structure, is 624 

presented in Part 2 and, the durability and degradation of hessian and glass fibre reinforced 625 

gypsum composites are presented in Part 3. 626 

 627 
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