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Abstract. The in-plane force and bending moment simultaneously occur on gypsum boards which are used 

in the drywall partition walls, due to the composite beam effect. The mechanical performance of gypsum 

boards has been tested for pure compression/tension, but the behavior when subjected to simultaneous in-

plane force and out-of-plane bending moment demands is unclear. In this paper, a model is proposed to 

predict the bending behavior of gypsum boards using the results obtained from pure compressive/tensile 

tests. The purpose of this study is to establish a method to simulate the behavior of gypsum boards subjected 

to simultaneously axial and bending moment demands. Particularly, the gypsum board is a composite 

material consisting of gypsum (core material) and base papers. Similar to calculation of non-linear bending 

behavior of reinforced concrete members, a fiber modelling approach is adopted to perform numerical 

analysis of gypsum boards subjected to bending moment. This model can also simulate the post cracking 

behavior macroscopically. On applying the fiber model to the gypsum board, three stress-strain curves are 

necessary: two curves of gypsum boards in compression/tension and one curve of the base paper in tension. 

The "effective" curves of pure gypsum in compression/tension were obtained as the difference between 

the performance of the composite gypsum board and that of the base paper in isolation. The effective stress-

strain curve of gypsum, especially one in tension, was found to be higher than that obtained by testing the 

pure gypsum in isolation. This difference is attributed to the so-called tension stiffening effect in the gypsum 

material. Finally, to validate the proposed fiber model we show that the numerical results are in good 

agreement with experimental data. 
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1. INTRODUCTION 

Following the April 16, 2016 M7.0 Kumamoto earthquake and the March 16, 2022 M7.3 Fukushima 

earthquake, several accounts of ceiling and partition wall damage were confirmed in media (Figure 1). Eleven 

years have passed since the 2011 Tohoku Earthquake, but there are still issues with the earthquake resistance 

of walls and ceilings due to the lightweight steel base material (LGS). Although the breaking load of the 

gypsum board that composes the LGS wall/ceiling surface has been confirmed by the bending test of JIS 

A 6901 [JIS, 2013], the data for defining the stress-strain curve of the gypsum board has not been provided. 

In addition, while in-plane force and bending moment generally act simultaneously on the gypsum board 

mounted on the LGS (due to the composite beam effect), most existing experimental data have only 

considered the characteristics of uniaxial compression or tension of the gypsum board [Y. Sato et al., 2020]. 

Abdelhalim [1995] has previously examined the basic mechanical properties of gypsum boards by uniform 

compression/tensile testing and bending testing. The study attempted to use statistical methods to address 

the inconsistency between the stress-strain relationship obtained from bending tension and from uniform 

tension; however, only qualitative results were obtained. Therefore, there are still many unclear points about 

the behavior when in-plane force and bending act on the gypsum board at the same time. In considering 

the earthquake resistance of LGS walls and ceilings, it is important to develop a mechanical understanding 

of the above points. The objective of this study is to develop a modelling approach for gypsum boards 

subjected to bending moment demands, founded on experimental results obtained from uni-axial material 

testing. The focus will be on interpretation and implementation of material test data with consideration to 

composite action effects, with less focus on the exact material properties and their expected statistical 

variation. 

   

(a) Kumamoto earthquake (April 2016)                        (b) Fukushima earthquake (March 2022) 

Figure 1. Example of earthquake damage of non-structural elements following earthquakes in Japan. 

2. UNIFORM LOADING TEST 

2.1 OUTLINE OF TEST 

Axial testing was carried out on the gypsum board (t = 9.5 mm) to establish mechanical properties. The 

gypsum board is a three-layer composite board in which two surfaces of the core gypsum material are 

covered with base paper. Presently, there is no unified standard in Japan for the characteristics of the gypsum 

board material components, so properties can differ from maker to maker. For the gypsum board adopted 

in this study, the unit weight was measured to be 6.7 kg/m2, and the base paper grammage was measured 

to be 173 g/m2. The base paper thicknesses are listed in Table 1. It is generally considered that the base 



paper has anisotropy derived from the fiber direction of the paper during the papermaking process by a 

paper machine ([T. Yokoyama et al., 2007]). Therefore, the uniaxial loading test of the gypsum board was 

carried out in the longitudinal and transverse direction of the base paper. Considering the length of the 

gypsum board as the parallel direction of the base paper fibers and the short side as the orthogonal direction 

of the base paper fibers, three test pieces are sampled as shown in Figure 2. A separate set of test pieces were 

prepared for each tensile and compressive testing.  

 

Figure 2. Sampling the test pieces 

The tensile test piece of  the gypsum board is dogbone-shaped (Figure 3 (a)), and the compression test 
piece is strip-shaped [Y. Sato et al., 2020]. The base paper test pieces were collected from the gypsum board 
by separating them with a band saw. The base paper test pieces were taken both from the front (yellow 
paper) and back (gray paper) of  the gypsum board. Figure 3 (b) shows the shape of  the tensile test piece of  
the base paper. All test pieces are shown in Table 1. The width B and thickness t of  the test piece are average 
values measured at the center and both ends of  the test piece with a caliper. The measured quantities 
included the load, F, as measured by the testing machine; the displacement, δ, of  the chuck that grips the 
test piece and the strain from the strain gauges attached to the center of  the test piece. All gypsum board 
test pieces had strain gauges on the front and back surfaces. For the test piece of  the base paper, the strain 
gauge was attached only on the outer surface. It is noted that unlike the base paper, the gypsum material 
does not possess anisotropic properties due to its random crystalline structure. 

    

(a) Gypsum board                                                                    (b) Base paper 

Figure 3. Size of  tensile test pieces. 
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Table 1. List of the test pieces. 

 

2.2 RESULTS OF UNIFORM LOADING TEST 

First, the results of the tensile test of the base paper in the parallel and orthogonal direction are shown in 
Figure. 4 (a) and 5 (a), respectively. Considering the uncertainty of the thickness of the base paper, the 
vertical axis is expressed as the load F divided by the width B of the test piece. The horizontal axis is the 
longitudinal strain, εP, measured by the strain gauges. Data is shown up until the test piece breaks. It is clear 
that the stiffness and strength of the base paper are higher in the parallel direction than in the orthogonal 
direction due to the material anisotropy. On the other hand, the difference between the base paper 
properties from the front (yellow paper) and back (gray paper) of the gypsum board are small. This result is 
also consistent with previous research results [Abdelhalim, 1995]. The average of the stress-strain curves in 
Figures 4 (a) and 5 (a) are approximated by a cubic function (in the range 0≤ εP ≤7500), represented by the 
black dotted line. Next, the results of the tensile test of gypsum board and gypsum are shown in Figure 4 
(b)~(c), 5 (b)~(c). The horizontal axis is the strain ε obtained by dividing the displacement recorded by the 
test machine, δ, (excluding the deformation of the loading jig) by the total length, L, of the test piece. The 
“effective” stress-strain curve of the gypsum (Figure 4 (c), 5 (c)) is obtained by subtracting the curves of the 
two sheets of base paper approximated by a cubic function (black dotted line) from the stress-strain curve 
of the gypsum board (Figure 4 (b), 5 (b)). The solid black lines in Figure 4 (c) and 5 (c) are the results of the 
tensile test of the gypsum in isolation, after removal of the base paper. By comparing Figure 4 (b) and 5 (b), 
it can be recognized that the gypsum board has anisotropy similar to that of the base paper. Comparing the 
black solid lines in Figure 4 (c) and 5 (c), it can be seen that the difference depending on the fiber direction 
is small. From this, it is considered that the anisotropy of the gypsum board may be influenced by the 
anisotropy of the base paper. The “effective” gypsum properties (blue line) in Figure 4 (c) and 5 (c) clearly 
shows tougher performance in tension compared to when the gypsum is tested in isolation (solid black line). 
It is considered that the tension stiffening effect [H. Yoshikawa et al., 1986], analogous to that seen in RC 
members, is the reason the gypsum material is tougher when in the gypsum board configuration than in 
isolation. The results of the compression test are organized in the same way as in Figures 4 and 5, assuming 
that compressive properties of the base paper are identical to the tensile properties (Figure 6). It can be 
confirmed that the influence of the anisotropy of the base paper on the performance of the gypsum board 
is smaller in compression than in tension. Figure 6 shows a softening response of the gypsum board after 
the maximum compressive strength is reached. 

Width (B ) Thickness (t )

1 Cp-T-P-1 24.53 9.74

2 Cp-T-P-2 24.49 9.71

3 Cp-T-P-3 24.79 9.70

4 Cp-T-O-1 24.72 9.70

5 Cp-T-O-2 24.66 9.70

6 Cp-T-O-3 24.51 9.69

7 Cp-C-P-1 49.53 9.71

8 Cp-C-P-2 49.78 9.72

9 Cp-C-P-3 49.74 9.71

10 Cp-C-O-1 49.85 9.73

11 Cp-C-O-2 49.74 9.67

12 Cp-C-O-3 48.72 9.70

13 Pa-f-T-P-1 25.06 0.24

14 Pa-f-T-P-2 25.11 0.29

15 Pa-f-T-P-3 25.17 0.24

16 Pa-f-T-O-1 24.66 0.26

17 Pa-f-T-O-2 25.26 0.24

18 Pa-f-T-O-3 24.47 0.23

19 Pa-b-T-P-1 25.15 0.23

20 Pa-b-T-P-2 24.77 0.23

21 Pa-b-T-P-3 25.09 0.23

22 Pa-b-T-O-1 24.99 0.22

23 Pa-b-T-O-2 24.78 0.23

24 Pa-b-T-O-3 24.96 0.23
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(a) Base paper                                          (b) Gypsum board                                   (c) Gypsum 

Figure 4. The relationship between F/B and ε of  each material against the tensile load in the parallel direction. 

      

    (a) Base paper                                         (b) Gypsum board                                      (c) Gypsum 

Figure 5. The relationship between F/B and ε of  each material against the tensile load in the orthogonal direction. 

    

(a) Parallel direction 

    

(b) Orthogonal direction 

Figure 6. The relationship between F/B and ε of  each material against the compressive load. 
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3. NUMERICAL ANALYSIS OF GYPSUM BOARD 

3.1 OUTLINE OF FIBER MODEL 

Figure 7 shows the gypsum board subjected to pure out-of-plane bending. Considering the gypsum as the 
concrete and the base paper as the reinforcing bar, the gypsum board composite can be analgous to the 
composition of RC members. In the relationship between the moment and the curvature in the cross section 
of the RC member, the flexural stiffness gradually decreases due to the progression of cracks. Therefore, 
the fiber model is often used as a method for evaluating the non-linear flexural behavior of RC members. 
In this section, the fiber model is also used to perform cross-sectional analysis of the gypsum board. 

 

Figure 7. Gypsum board in pure bending. 

When the cross section is divided into multi-layered fiber elements as shown in Figure 8, the total bending 

moment is obtained by the following equation. 

 𝑀 = ∫ 𝜎𝑦 ⅆ𝐴
𝐴

= ∑ 𝜎𝐺,𝑖 ∙ 𝑦𝑖 ∙ 𝐴𝐺,𝑖
𝑛
𝑖=1 + ∑ 𝜎𝑃,𝑗 ∙ 𝑦𝑗 ∙ 𝐴𝑃,𝑗

𝑚
𝑗=1   (1) 

Here, σ : stress of each fiber element, A : section area of each fiber element, y : distance from the centroid 

of each fiber element to the section centroid, n : number of divisions of gypsum cross section, m：number 

of base papers, lower right subscript i, j : element number, lower right subscript G, P : gypsum and base 

paper. The total axial force on the section is as follow. 

 𝑅𝐺 = ∑ 𝜎𝐺,𝑖(𝜀𝐺,𝑖) ∙ 𝐴𝐺,𝑖
𝑛
𝑖=1 = 𝐶𝐺 + 𝑇𝐺  (2) 

 𝑅𝑃 = ∑ 𝜎𝑃,𝑗(𝜀𝑃,𝑗) ∙ 𝐴𝑃,𝑗
𝑚
𝑖=1 = 𝐶𝑃 + 𝑇𝑃  (3) 

Where, C : total compression force, T：total tensile force, R : sum of C and T. Then, the force balance 

equation in the cross section is as follows, and the convergence calculation is performed while changing the 

neutral axis position y0 until section force equilibrium (N = 0) is reached. 

 𝑁 = 𝑅𝐺 + 𝑅𝑃  (4) 

  

(a) Section area         (b) Strain distribution      (c) Stress distribution 

Area of  Pure bending

Paper (tP=0.25mm)

Gypsum (tG=9mm)
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Figure 8. Distribution of  strain and stress of  gypsum board in pure bending. 

3.2 MODEL OF MECHANICAL PROPERTY 

The material properties of gypsum and base paper used for cross-sectional analysis of gypsum board subject 
to bending moment are obtained from the results of uniform tensile and compression tests of gypsum board, 
base paper, and gypsum shown in Figure 9 and 10. The tensile characteristics of the base paper are 
approximated by a cubic function (thick black line in Figure 9 and 10). The compressive characteristics of 
the base paper are taken to be equal to the tensile characteristics. The gypsum material model (blue solid 
line in Figure 9 and 10) is assigned to trace the experimental results. The solid red line shown in Figure 9 
and 10 is the sum of gypsum and base paper material model curves, and represents the response of the 
gypsum board. The cross-section analysis is performed using these material models. 

             

(a) Parallel direction                                       (b) Orthogonal direction 

Figure 9. Model of  the relationship between F/B and ε (Tensile) 

               

(a) Parallel direction                                       (b) Orthogonal direction 

Figure 10. Model of  the relationship between F/B and ε (Compression) 

3.3 VALIDITY OF NUMERICAL ANALYSIS 

The 4-point bending test of a gypsum board shown in Figure 11 is the target of cross-section analysis. The 

test piece has strain gauges installed in the center of the pure bending section (front surface: εf, back surface: 

εb). The curvature κ is obtained by dividing the strain difference by the thickness t of the gypsum board. The 

moment M is obtained by using the loading force P and the support distance L. Two types of gypsum 

boards with different thicknesses (t = 9.5 mm, 12.5 mm) were each tested in two fiber direction 

configurations (parallel/orthogonal). Two test pieces were tested under each of these configurations.  
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Figure 11. Set up and dimensions of  a 4-point bending test of  the gypsum board (units: mm). 

The moment-curvature (M'-κ) relationship obtained from cross-sectional analysis of the gypsum board test 

pieces is compared with the experimental results in Figure 12. Here, the vertical axis of Figure 12 is the 

moment M' [Nmm/mm] per unit width of the gypsum board. The material properties used for the cross-

sectional analysis of t = 12.5 mm are considered to be identical to those obtained from testing of the t = 9.5 

mm test piece shown in Figure 10. Figure 13 shows the relationship diagram between the surface strain 

measured on the front of the gypsum board, εf (horizontal axis) to the strain measured on the back surface 

εb (vertical axis) of the gypsum board. The analysis result is represented by the symbol ◯ for t = 9.5 mm 

and Δ for t = 12.5 mm. Results in red correspond to bending with the gypsum board oriented in the parallel 

direction, and those in blue correspond to the orthogonal direction. The experimental results are shown by 

solid and dotted lines (black: t = 9.5 mm, gray: t = 12.5 mm). Figures 12 and 13 show that the analysis results 

are in good agreement to the experimental results; thus, and the validity of the cross-sectional analysis of 

the gypsum board using a fiber model is confirmed. The first analysis data point, excluding the origin (zero) 

in Figure 12, is the elastic limit at which the gypsum first cracks. 

  

(a) t=9.5 mm                                               (b) t=12.5 mm 

Figure 12. Comparison of  of  experimental and analytical results for the gypsum board moment-curvature relationship. 
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(a) Parallel direction 

               

(b) Orthogonal direction 

Figure 13.  Comparison of  experimental and analytical results for the front and back strain correlation 

The distribution of  stress through the gypsum board cross-section is shown in Figure 14 for the t = 9.5 mm 

(fiber parallel direction) test piece. The distribution is shown at the elastic limit (Figure 14 (a)), the first break 

point (i.e., instance at which the flexural stiffness changes significantly; Figure 14 (b)), and the point at which 

gypsum crushing begins (Figure 14 (c)). From Figure 12 and 14, it is probable that the initial gypsum board 

crack propagates to half  the board thickness. Furthermore, it is also possible that the gypsum board enters 

the non-linear region at a bending moment magnitude that is about half  of  the bending moment magnitude 

at the first break point; thus, the exact elastic region is relatively narrow. 

 

(a)Elastic limit         (b)Flexural stiffness changes  (c)Gypsum crushing begins               (d) Crack pattern 
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Figure 14. Distribution of stress of the gypsum board (t=9.5 mm, Parallel direction)  

4. CONCLUSION 

In this paper, cross-sectional analysis of the gypsum board using the fiber model was carried out in order to 

investigate the mechanical properties of the gypsum board subjected to an out-of-plane bending moment. 

The analysis results were able to reproduce the experimental results well, and the fiber model was effective 

for cross-sectional analysis of the gypsum board. In the future, the behavior of the gypsum board when in-

plane force and bending act on the gypsum board at the same time will be examined. 
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